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Preface 


The fundamental aim underlying the writing of Biological 
Science was the desire to emphasise the unifying scientific 
nature of biological systems despite the amazing diversity 
in structure and function seen at all levels of biological 
organisation. 


Books 1 and 2 comprise a complete text for the A-level 
student, following all syllabuses in Biological Sciences and 
incorporating all the topic areas recommended by the GCE 
Interboard Working Party on the A-level common core in 
Biology (published 1983). The text will also be relevant to 
all first-year University and Further Education College 
students studying the Biological Sciences. 


Each chapter is designed to provide comprehensive, 
up-to-date information on all topics in Biological Sciences, 
and the accuracy and relevance of this information has 
been checked by leading authorities in the appropriate 


fields and by practising teachers and examiners. The text 
includes: 
— clearly written factual material, 

—a carefully selected series of thoroughly pretested 
practical investigations relevant to the A-level course, 
— a variety of types of question designed to stimulate an 

enquiring approach and answers to them. 


Whilst it is recognised that the study of Biological Science 
follows no set pattern, the content of books 1 and 2 has 
been arranged so that each book contains material 
approximating to each year of a two-year course. 


The appendices, which provide information and techni- 
ques vital to the study of Biological Science at this level, 
recognise that many students do not study Chemistry and 
Physics to the same level. Mathematical, physical and 
chemical concepts related to Biological Sciences are 
emphasised throughout the text, as appropriate. 
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Chapter One 


Introduction to the subject 


Biology (bios, life; logos, knowledge) is a science devoted 
to the study of living organisms. Science has progressed by 
breaking down complex subjects of study into their com- 
ponent parts so that today there are numerous branches 
of biology devoted to specialised study of the structure 
and function of select organisms, as shown in fig. 1.1. This 
principle is often called the ‘reductionist’ principle and, 
carried to its logical conclusions, it has focussed attention 
on the most elementary forms of matter in living and 
non-living systems. This approach to study seeks fun- 
damental understanding by looking at the parts rather than 
the whole. An opposing approach, based upon the ‘vitalist’ 
principle, considers that ‘life’ is something special and 
unique, and maintains that life cannot be explained solely 
in terms of the laws of physics and chemistry, having 
properties which are special to the system as a whole. The 
aim of biology must ultimately be to explain the living 
world in terms of scientific principles, although appreciat- 
ing that organisms behave in ways which often seem 
beyond the capabilities of their component parts. Certainly 
the consciousness of living organisms cannot be described 
in terms of chemistry and physics even though the 
neuro-physiologist can describe the working of the single 
neurone in physico-chemical terms. Consciousness may be 
the collective working of millions of neurones and their 
electrochemical states, but as yet we have no real concept 
of the chemical nature of thought and ideas. Nor do we 
understand completely how living organisms originated 
and evolved. There have been many attempts to answer 
this question from theological to biological and chapters 
22-25, in book 2, attempt to put the different viewpoints 
but with the emphasis on the possible biological explana- 
tions. 
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Thus we are reduced to the position that we cannot 
define precisely what life is or whence it came. All that we 
can do is to describe the observable phenomena that 
distinguish living matter from non-living matter. These are 
as follows. 


Nutrition (chapters 9 and 10) 


All living organisms need food, which is assimilated and 
used as a source of energy, and materials for living processes 
such as growth. The distinction between the majority of 
plants and animals is based upon their methods of 
obtaining food. Most plants photosynthesise, incorporating 
the energy of light, to make their food. This is a form of 
autotrophic nutrition. Animals and fungi, on the other 
hand, obtain their food from other organisms, breaking 
down their organic compounds by enzymes and absorbing 
the products. This is known as heterotrophic nutrition. 
Most bacteria are also heterotrophic but some are 
autotrophic. 


Respiration (chapter 11) 


All life processes require energy and much of the food 
obtained by autotrophic and heterotrophic nutrition is used 
as a source of this energy. The energy is released during the 
breakdown of certain energy-rich compounds by the 
process of respiration. The energy released is stored in 
molecules of adenosine triphosphate (ATP) and this com- 
pound has been found to occur in all living cells. 


Irritability (chapters 15 and 16) 


Living organisms have the ability to respond to changes 
in both the internal and external environments and thus 
ensure that they maximise their chances of survival. For 
example the dermal blood vessels in the skin of a mammal 
dilate in response to a rise in body temperature, and the 
consequent heat loss brings about a restoration of the 
optimum temperature of the body. A green plant on a 
window sill in a room grows towards one-sided light coming 
through the window thus ensuring maximum exposure to 
light for photosynthesis. 


Movement (chapter 17) 


Animals are distinguished from plants by their ability to 
move from place to place, that is they locomote. This is 
necessary in order for them to obtain their food, unlike 
plants which can manufacture their own food from raw 
materials obtained in one place. Nevertheless, movement 
occurs in plants, both within their cells and indeed within 


l 


whole structures, although at a much slower rate than 
animals. Some bacteria and unicellular plants are also 
capable of locomotion. 


Excretion (chapter 19) 


Excretion is the removal from the body of waste products 
of metabolism. For example the process of respiration 
produces toxic waste products which must be eliminated. 
Animals take in an excess of protein during nutrition and, 
since this material cannot be stored, it must be broken 
down and excreted. Animal excretion is, therefore, largely 
nitrogenous excretion. In addition, the removal of certain 
unusable materials absorbed by the organism, such as lead, 
radioactive dust and alcohol can be regarded as excretion. 


Reproduction (chapter 20) 


The life span of organisms is limited, but they all have the 
ability to perpetuate ‘life’, thereby ensuring the survival of 
the species. The resulting offspring have the same general 
characteristics as the parents, whether such individuals are 
produced by asexual or sexual reproduction. The ‘reduc- 
tionist’ search for the explanation of this inheritance has 
now revealed the existence of molecules known as nucleic 
acids (deoxyribosenucleic acid, DNA, and ribosenucleic 
acid, RNA) which appear to contain the coded information 
passed between organisms of succeeding generations. 


Growth (chapter 21) 


Non-living objects, such as a crystal or a stalagmite, grow 
by the addition of new material to their outside surface. 
Living organisms, however, grow from within, using food 
that they obtain by autotrophic or heterotrophic nutrition. 
The molecules are formed into new living protoplasm 
during the process of assimilation. 


These seven characteristics can be observed to a greater 
or lesser extent in all living organisms and are our only 
means of indicating whether life exists or not. However, 
they are only the observable characteristics of the all- 
important properties of living material (protoplasm), that 
is, extracting, converting and using energy from the 
environment. In addition, protoplasm is able to maintain 
and even increase its own energy content. In contrast to 
this, dead organic matter tends to disintegrate as a result of 
the chemical and physical forces of the environment. In 
order to maintain themselves and prevent this disintegra- 
tion, organisms have an inbuilt self-regulating system to 
ensure that there is no net energy loss. This control is 
referred to as homeostasis and operates at all levels of 
biological organisation, from the molecular level to the 
community level. 

The characteristics of life outlined above are dealt with in 
detail in the chapters indicated. Inevitably, many of these 
chapters extend the explanations in terms of physical and 
chemical concepts, for it is in these fields that the major 
research and additions to our knowledge have come in 
recent years. The study of protein synthesis, DNA, ATP, 
enzymes, hormones, viruses, antigen-antibody reactions 
and many other examples, all provide some explanation of 
what is happening in the cells and bodies of organisms. 

In the appendix, in book 1, you will find some basic 
information required by a biologist, including biochemis- 
try, scientific method, the experimental approach, a 
glossary of terms and so on. The appendix is designed to 
supply information to those students who may be lacking in 
one or more of these areas. With this knowledge the 
student must strive to develop powers of critical observa- 
tion and description which are part of the thinking pro- 
cesses underlying scientific enquiry. 


Chapter Two 
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Variety of life—prokaryotes and viruses 


Chapter 2 is concerned with two relatively simple groups of 
organisms, the prokaryotes and viruses. The latter are an 
unusual group because they do not have a cellular 
structure. In all other organisms the cell is the basic unit of 
structure. Even viruses, however, are dependent on cells 
for their reproduction, as will be shown. Chapters 3 and 4 
will be concerned with a third major group of organisms, 
the eukaryotes, 


2.1 


Prokaryotes compared with 
eukaryotes 


All cellular organisms so far studied fall 
naturally into one of two major groups, the prokaryotes 


and eukaryotes. Prokaryotes comprise bacteria and blue- 
green algae and eukaryotes include green plants (including 
all other algae), fungi, slime moulds and animals. Eukary- 
otes appeared first in the late Pre-Cambrian period, about 
3000 million years ago and probably evolved from 
prokaryotes. 

The cells of prokaryotes (pro, before; karyon, nucleus) 
lack true nuclei. In other words, their genetic material 
(DNA)is not enclosed by nuclear membranes, and lies free 
in the cytoplasm. The cells of eukaryotes (eu, true) are 
characterised by a true nucleus, that is genetic material 
enclosed by membranes (the nuclear envelope) to form a 
definite, easily recognisable structure. 

Many other fundamental differences exist between 
prokaryotes and eukaryotes, the more important of which 


fable 2.1 Major differences between prokaryotes and eukaryotes. 


Feature Prokaryote 


Eukaryote 


Cell size Average diameter 0.5-5um. 


Form Unicellular or filamentous. 
Genetic material 
nucleus or chromosomes. No nucleolus. 


Protein synthesis 70S ribosomes (smaller). 


No endoplasmic reticulum involved. (Many other 


details of protein synthesis differ, including 


Circular DNA lying naked in the cytoplasm. No true 


Up to 40 um diameter common; commonly 1 000-10 000 
times volume of prokaryotic cells. 

Unicellular, filamentous or truly multicellular. 

Linear DNA associated with proteins and RNA to form 
chromosomes within a nucleus. Nucleus contains a 
nucleolus. 

80S ribosomes (larger). 

Ribosomes may be attached to endoplasmic reticulum. 


susceptibility to antibiotics, e.g. prokaryotes inhibited 


by streptomycin.) 


Organelles Few organelles. 


Many organelles. 


Cell walls 


Flagella 


Respiration 
Photosynthesis 


Nitrogen fixation 


None are surrounded by an envelope (2 membranes). 


Internal membranes scarce; if present usually 
associated with respiration or photosynthesis. 


Rigid and contain polysaccharides with amino acids. 
Murein is main strengthening compound. 


Simple, lacking microtubules. Extracellular (not 
enclosed by plasma membrane). 

20 nm diameter. 

Mesosomes in bacteria. 

Cytoplasmic membranes in blue-green algae. 

No chloroplasts. Takes place on membranes which 
show no stacking. 

Some have the ability. 


Envelope-bound organelles present, e.g. nucleus, 
mitochondria, chloroplasts. 

Great diversity of organelles bounded by single 
membranes, e.g. Golgi apparatus, lysosomes, vacuoles, 
microbodies, endoplasmic reticulum. 


Cell walls-of green plants and fungi rigid and contain 
polysaccharides. Cellulose is main strengthening 
compound of plant walls, chitin of fungal walls. 
Complex, with ‘9+2° arrangement of microtubules. 
Intracellular (surrounded by plasma membrane). 
200 nm diameter. 


Mitochondria for aerobic respiration. 


Chloroplasts containing membranes which are usually 
stacked into lamellae or grana. 


None have the ability. 


Based on A Dictionary of Life Sciences, E. A. Martin (ed.), (1976), Pan Books. 


are summarised in table 2.1. Some of the cell structures 
mentioned are discussed in more detail in chapter 7. Figs 
2.3, 7.3 and 7.4 illustrate typical prokaryote and eukaryote 
cells. 


2:11 Protista 


Before considering prokaryotes and viruses, 
mention should be made of an alternative classification 
which, although more artificial, is often used for its 
convenience. It dates back to a time when it was usual to 
classify all organisms into two kingdoms, plants and 
animals. Many primitive organisms, such as bacteria, did 
not fit neatly into either category and some showed both 
animal and plant characteristics, notably slime moulds 
(which are amoeboid but form fruiting bodies similar to 
fungi) and photosynthetic flagellates, such as Euglena. In 
1866, a third kingdom, the Protista, was proposed to 
include bacteria, algae, fungi and protozoa. Their chief 
characteristic was a relatively simple, undifferentiated 
structure. The term Protista is now usually confined to all 
unicellular organisms. The prokaryotic members are 
sometimes called Monera. Fig 2.1 summarises the alterna- 
tive classification schemes. Fig 2.1a shows the scheme used 
in this book. 


(a) LIVING ORGANISMS 


—€— 


viruses prokaryotes eukaryotes 


(see fig 3.1) 
bacteria blue-green algae 
(b) LIVING ORGANISMS 
4-------- 
I 
I 
: 
viruses Protista plants animals 


bacteria 


blue-green 


other Protozoa slime 


h unicellular 
algae unicellular moulds fungi 
ee! d 
Monera colonial 
algae 


Fig 2.1 Alternative classifications of major groups of 
organisms; scheme (a) is recommended 
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2.2 Bacteria 

Bacteria are the smallest organisms having a 
cellular structure, their average diameter being about 
1 um. They range in size from about 0.1-10 um long. They 
are unicellular, and hence can only be seen individually 
with the aid of a microscope, that is they are microbes or 
micro-organisms. The study of bacteria, or bacteriology, is 
one branch of microbiology, the latter also including the 
study of viruses (virology), fungi (mycology) and other 
micro-organisms. Many of the techniques used to handle 
these organisms are similar. 

Bacteria occupy many environments, such as soil, dust, 
water, air, in and on animals and plants and they can even 
be found in hot springs at temperatures of 60°C or higher. 
Their numbers are enormous; one gram of fertile soil is 
estimated to contain 100 million and 1 cm? of fresh milk 
may contain more than 3 000 million. Together with fungi 
their activities are vital to all other organisms because they 
cause the decay of organic material and the subsequent 
recycling of nutrients. In addition, they are of increasing 
importance to Man, not only because some cause disease, 
but because they can be utilised in many economically 
important processes. Their importance is discussed further 
in sections 2.3 and 2.4. 


2.2.1 Classification 


There are a number of distinct groups of 
organisms at this level of organisation, the smallest and 
simplest of which are little more complex than viruses. The 
only group of concern here is the 'true bacteria' or 
Eubacteria, but fig 2.2 illustrates the range of organisms 
that are generally classified as bacteria. 


2.2.2 Structure 


Fig 2.3 shows the structure of a generalised 
bacterium. Fig 2.4 is an electron micrograph of a section 
through a rod-shaped bacterium and reveals how little 
structure is visible compared with a eukaryotic cell (for 
instance figs 7.5 and 7.6). 


Capsules and slime layers 


Capsules and slime layers are slimy or gummy secretions of 
certain bacteria which show up clearly after negative 
staining (when the background, rather than the specimen, 
is stained). A capsule is relatively thick and compact, 
whereas a slime layer is diffuse. In some cases these layers 
unite bacteria into colonies. Both offer useful additional 
protection to bacteria, for example capsulate strains of 
pneumococci grow in their human hosts causing pneu- 
monia, whereas non-capsulate strains are easily attacked 
and destroyed by phagocytes, and are therefore harmless. 


BACTERIA 


EUBACTERIA ACTINOMYCETES CHLAMYDOBACTERIA MYXOBACTERIA MYCOPLASMAS  RICKETTSIAS 
(true bacteria) rod-shaped, (filamentous iron (slime bacteria) (pleuropneumonia- small rod-shaped 
filamentous bacteria) rod-shaped; thin like organisms or obligate 
lacking cross-walls; rod-shaped, flexible walls: PPLO group) parasites similar 
resemble minute fungi, filamentous, move by gliding extremely small to larger viruses 
e.g. Mycobacterium chemosynthetic, parasites; shape Breed in 
tuberculosis — causes with iron(IHI) variable; lack rigid arthropods, e.g. 
human tuberculosis oxide deposited walls but fleas and lice, 
around cells; non-motile and found in 
common in bogs vertebrates, c.g. 
and swamps SPIROCHAETES Rickettsia 
long, slender, spiral prowazekii - causes 
BEGGIATOA shape with thin typhus (named 
(filamentous flexible walls; move after American 
sulphur bacteria) by flexing bodies, pathologist 
filamentous, e.g. Treponema Ricketts, 
chemosynthetic, pallidum — causes 1871-1910, who 
with sulphur syphilis died as a result 
deposited around ol investigating 
cells typhus) 
Fig 2.2 Classification of bacteria 
STRUCTURES SOMETIMES PRESENT ( STRUCTURES ALWAYS PRESENT 
Y 
EN 
iN vom 


flagellum one, e.g. Rhizobium, or. 
many, e.g. Azotobacter; usually 
longer than cell 


"em alt rigid; contains murei: 
mucilaginous capsule, e.g. cell w gi a rein 

zotobacter; if diffuse, called a 
slime layer 


invagination of plasma membrane. 
to form photosynthetic membranes, 
either tubular or sac-like; possess 
pigments; present throughout cell 
if photosynthetic, e.g. Chromatium 


plasma membrane 


ribosomes throughout cytoplasm; 
slightly smaller than eukaryote 
ribosomes 


food reserve e.g. lipid, glycogen, 
volutin granules (phosphate) 


one to several hundred pili (or. 
fimbriae), e.g. Escherichia coli, 


Salmonella cytoplasm few organelles: contains 


enzymes etc. 


mesosome intensely folded 
invagination of plasma 


NA circula e 
membrane, e.g. Bacillus subtilis N. 7 DNA circular molecule 


Fig 2.3 A generalised rod-shaped bacterium 


Un 


Cell wall 


The cell wall confers rigidity and shape and can be clearly 
seen in a section (fig 2.4). As with plant cells, it prevents the 
cell from swelling and bursting as a result of osmosis when, 
as often occurs, it is in a hypotonic medium (section A 1.5). 
Water, various ions and small molecules can pass freely 
through tiny pores in the wall, but larger molecules like 
proteins and nucleic acids are excluded. The wall also has 
antigenic properties, caused by both proteins and polysac- 
charides. 

Bacteria fall into two natural groups according to their 
cell wall structure. Some are stained with Gram’s stain and 
are termed Gram positive, others do not retain the stain 
during the decolourising procedure (section 2.7) and are 
termed Gram negative. Both types of wall have a rigid, 
unique framework of murein, a molecule consisting of 


Re 


mesosome . 
- infolding of ` 
plasma membrane 


plasma membr 


cell wall sb 


Fig 2.4 Electron micrograph of a section of a typical 
rod-shaped bacterium, Bacillus subtilis (x 50 000) The light 
areas contain DNA 
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parallel polysaccharide chains cross-linked in a regular 
fashion by short peptide chains. Each cell is thus effectively 
surrounded by a net-like sac which is really one molecule. 
(The polysaccharide portion is described in table 5.7.) 

In Gram positive bacteria, such as Lactobacillus, the 
murein net is infilled with other components, mainly 
polysaccharides and proteins, to form a relatively thick, 
rigid box. The walls of Gram negative bacteria, such as 
Escherichia coli and Azotobacter, are thinner but more 
complex. Their murein layer is coated on the outside with a 
smooth, soft, lipid-rich layer. This protects them from 
lysozyme, an antibacterial enzyme found in tears, saliva 
and other body fluids and egg white. Lysozyme breaks the 
polysaccharide backbone of murein by catalysing hydroly- 
sis of certain sugar linkages. The wall is thus punctured and 
lysis (osmotic swelling and bursting) of the cell occurs if the 
organism is in a hypotonic solution. The same lipid-rich 
layer also confers resistance to penicillin, which attacks 
Gram positive bacteria by interfering with the cross-linking 
in growing cells, thus making the walls less rigid and more 
susceptible to osmotic shock. 


Flagella 


Many bacteria are motile due to the presence of one or 
more flagella. 

Bacterial flagella are much simpler in structure than 
those of eukaryotes (section 17.6.2, table 2.1) resembling 
just one of the microtubules of eukaryotic flagella, They 
are made of identical spherical subunits of a protein called 
flagellin, similar to the actin of muscle and arranged in 
helical spirals to form a hollow cylinder, about 10-20 nm in 
diameter. The flagellum is rigid, though shaped into a 
wave, and has a unique mechanism of action. The base 
apparently rotates so that the flagellum does not beat but 
performs a corkscrew motion to propel the cell along. This 
is apparently the only structure in nature where the 
principle of the wheel is used. Another interesting feature 
is that a solution of flagellin subunits will associate 
spontaneously into helical threads. Spontaneous self- 
assembly is an important feature of many complex 
biological structures and in this case is due entirely to the 
particular sequence of amino acids (primary structure) of 
the protein. 

Motile bacteria can move in response to certain stimuli, 
that is show tactic movements. For example, aerobic 
bacteria will swim towards oxygen (positive aerotaxis) and 
motile photosynthetic bacteria are positively phototactic 
(that is swim towards light). i 

Flagella are most easily seen with the electron micro- 
scope if the technique of metal shadowing, described in 
section A2.5, is used (see fig 2.5). 


Pili (sing. pilus) or fimbriae (sing. fimbria) 
Projecting from the walls of some Gram negative bacteria 
are protein rods called pili or fimbriae (fig 2.5). They are 
shorter and thinner than flagella and are concerned with 
cell to cell, or cell to surface, attachments, conferring a 


specific 'stickiness' on those strains that possess them. 
Various types occur, but of particular interest is the F pilus, 
coded for by a plasmid (section 2.2.4) and involved in 
sexual reproduction. 


Plasma membrane, mesosomes and 
photosynthetic membranes 


Like all cells, the protoplasm of bacterial cells is sur- 
rounded by a differentially permeable membrane. The 
structure and functions of the plasma membrane are similar 
to those in eukaryotic cells (section 7.2.1). In addition, it 
folds inwards in some bacteria to form mesosomes and/or 
photosynthetic membranes. 

Mesosomes are much-folded membranes (figs 2.3 and 
2.4) on whose surfaces are found enzymes associated with 
respiration. They therefore represent a primitive 


organelle. They are also associated with DNA during cell 
division, probably facilitating the separation of the two 
daughter molecules of DNA after replication and aiding in 
the formation of new cross-walls between the daughter 
cells. 

Among the photosynthetic bacteria, sac-like, tubular or 
sheet-like infoldings of the plasma membrane contain the 
photosynthetic pigments, always including bacteriochloro- 
phyll. Similar membranes are associated with nitrogen 
fixation. 


Genetic material 
Bacterial DNA isa single circular molecule of about 5 x 106 
base pairs and of length 1mm. The total DNA (the 
genome), and hence the amount of information encoded, is 
much less than that of a eukaryotic cell: typically it contains 


Fig 2.5 Transmission electron micrograph of rod-shaped bacterium to show shape, wall, fimbriae and long wavy flagella 
(x 28 000) 


several thousand genes, about 500 times fewer than a 
human cell. (See also table 2.1 and fig 2.3.) 


Ribosomes 
See table 2.1 (protein synthesis) and fig 2.3. 


Spores 

Some bacteria, mainly of the genera Clostridium and 
Bacillus, form endospores (spores produced inside cells). 
They are thick-walled, long-lived and extremely resistant, 
particularly to heat and short-wave radiations. Their 
position in the cell is variable and is of importance in 
recognition and classification (see fig 2.6). If a whole cell 
forms a dormant, resistant structure it is called a cyst, as in 
some Azotobacter species. 


2.2.3 Form 


Bacterial shape is an important aid to clas- 
sification. The four main shapes found are illustrated in fig 
2.6. Examples of both useful and harmful bacteria are 
given. 


(1) COCCI (sing. coccus) spherical 


Cocci Staphylococci (like a bunch 
of grapes) 
0090 
us oo 
o 


e.g. Staphylococcus aureus, 

lives in nasal passages; 

different strains cause boils, 
pneumonia, food poisoning and 
other diseases 


Streptococci (chains) Diplococci (pairs) 


L^ im 


2.2.4 Growth and reproduction 


Growth of individuals and asexual 

reproduction 
Bacteria have a large surface area to volume ratio and can 
therefore gain food sufficiently rapidly from their environ- 
ment by diffusion and active transport mechanisms. 
Therefore, providing conditions are suitable, they can 
grow very rapidly. Important environmental factors affect- 
ing growth are temperature, nutrient availability, pH and 
ionic concentrations. Oxygen must also be present for 
obligate aerobes and absent for obligate anaerobes. 

On reaching a certain size, dictated by the nucleus to 
cytoplasm ratio, bacteria reproduce asexually by binary 
fission, that is by division into two identical daughter cells. 
Cell division is preceded by replication of the DNA and 
while this is being copied it may be held in position by a 
mesosome (figs 2.3 and 2.4). The mesosome may also be 
attached to the new cross-walls that are laid down between 
the daughter cells, and plays some role in the synthesis of 
cell wall material. In the fastest growing bacteria such 
divisions may occur as often as every 20 min; this is known 
as the generation time. 


(2) BACILLI (sing. bacillus) rod-shaped 


single rods rods in chains 


OO 


e.g. Escherichia coli, common 

gut-living symbiont; 

Lactobacillus, see section 

2.3.4; e.g. Azotobacter, a 
Salmonella typhi causes nitrogen-fixer; 

typhoid fever Bacillus anthracis causes 


E p M anthrax 
Bacilli with endospores showing various 
positions, shapes and sizes of spores 


spherical 
aval spore 
spore 


e.g. many Streptococcus spp.; 
some infect upper respiratory 
tract and cause disease, e.g. 
S. pyogenes causes scarlet 
fever and sore throats; 

S. thermophilus gives yoghurt 
its creamy flavour; 

S. lactis, see section 2.3.4 


the pneumococci (Diplococcus 
pneumoniae) are the only 
members; cause pneumonia 


(3)SPIRILLA (sing. spirillum) spiral-shaped 


helical rod with 
single flagellum 


NB body of spirochaetes is 


e.g. Spirillum 


similar in form but locomotion 


differs, e.g. Treponema 
pallidum causes syphilis 


Fig 2.6 


central not swollen 
e.g. Bacillus anthracis, 
causes anthrax 


terminal swollen 
e.g. Clostridium tetani, 
causes tetanus 


subterminal swollen 
e.g. Clostridium 
botulinum (spores may 
also be central), causes 
botulism 


(4) VIBRIOS comma-shaped 


e.g. Vibrio cholerae, causes 
cholera 
single flagellum 


Forms of bacteria, illustrated by some,common useful and harmful types 


Population growth 


2.1 Consider the situation where a 
Single bacterium is placed in a nutrient medium 
under optimal growth conditions. Assuming it, and its 
descendants, divide every 20 min, copy table 2.2 and 
complete it. 


Using the data from the table, draw graphs of 
number of bacteria (graph A) and log, number of 
bacteria (graph B) on the vertical axes against time 
(horizontal axis). What do you notice about the 
shapes of the graphs? 


Table 2.2 Growth of a model population of bacteria. 


Time (in units 0 I2 3456 789 10 


of 20 min) 


A Number of bacteria 


B Log, number of 
bacteria (to one 
decimal place) 

C Number of bacteria 
expressed as power of 
x 


The kind of growth shown in table 2.2 is known as 
logarithmic, exponential or geometric. The numbers form 
an exponential series. This can be explained by reference to 
line C in table 2.2 where the number of bacteria is 
expressed as a power of 2. The power can be called the 
logarithm or exponent of 2. The logarithms or exponents 
form a linearly increasing series 0, 1, 2, 3, etc., correspond- 
ing with the number of generations. 

Returning to table 2.2, the numbers in line A could be 
converted to logarithms to the base 2 as follows: 


1 2 4 8 16 32 64 128 256 512 1024 
0123454: 6 7T 8 9 l1 


A Number of bacteria 


D Log, number of 
bacteria 


stationary 
phase 


bacteria 


phase of 
decline 


log 
phase 


5 
£ 
E 
E 
E 
z 
d 


Time 


Fig 2.7 Typical growth curve of a bacterial population 


for example, be synthesising new enzymes to digest the 
particular spectrum of nutrients available in the new 
medium. 

The log phase is the phase when growth is proceeding at 
its maximum rate, closely approaching a logarithmic 
increase in numbers when the growth curve would be a 
straight line. Eventually growth of the colony begins to 
slow down and it starts to enter the stationary phase where 
growth rate is zero, and there is much greater competition 
for resources. Rate of production of new cells is slower and 
may cease altogether. Any increase in the number of cells is 
offset by the death of other cells, so that the number of 
living cells remains constant. This phase is a result of 
several factors, including exhaustion of essential nutrients, 
accumulation of toxic waste products of metabolism and 
possibly, if the bacteria are aerobic, depletion of oxygen. 

During the final phase, the phase of decline, the death 
rate increases and cells stop multiplying. Methods of 
counting bacteria are described in the practical work at the 
end of this chapter. 


Table 2.3 Culture of bacteria at 30°C. 


Compare line C with line D. However, it is conventional to 
use logarithms to the base 10, as in line B. Thus 1 is 10°, 2 is 
1095, 4 is 10°, etc. 

The curve in graph A is known as a logarithmic or 
exponential curve. Such growth curves can be converted to 
straight lines by plotting the logarithms of growth against 
time. Under ideal conditions, then, bacterial growth is 
theoretically exponential. This mathematical model of 
bacterial growth can be compared with the growth of a real 
population. Fig 2.7 shows such growth. The growth curve 
shows four distinct phases. During the lag phase the 
bacteria are adapting to their new environment and growth 
has not yet achieved its maximum rate. The bacteria may, 


Number of cells in millions 


Time/h 
living living and dead 
0 9 10 
1 10 11 
2 11 12 
5 18 20 
10 400 450 
12 550 620 
15 550 700 
20 550 850 
30 550 950 
35 225 950 
45 30 950 


2.2 What would be the shape of the 
graph obtained if a sample of bacteria was taken 
from the culture at the stationary phase, inoculated 
into fresh medium and the bacterial population 
growth measured? 


2.3 A culture of bacteria was set up in 
a nutrient solution and maintained at 30°C. Im- 
mediately afterwards, and at the times indicated in 
table 2.3, an estimation of the number of bacterial 
cells in the culture was made. 

From these figures draw graphs to show what 
happened. By reference to the graphs state factors 
that you believe are responsible for the changes in 
cell numbers. (Oxford ‘A’ level paper Il, qu. 11, 
summer 1976) 


2.4 What is the ‘generation time’ of 
the bacteria in question 2.3? 


Sexual reproduction or genetic 
recombination 


Bacteria exhibit a primitive form of sexual reproduction 
which differs from eukaryote sexual reproduction in that 
there are no gametes and cell fusion does not occur. 
However, the essential feature of sexual reproduction, 
namely exchange of genetic material, does take place and is 
called genetic recombination. Part (rarely all) of the DNA 
from the donor cell is transferred to the recipient cell whose 
DNA is genetically different. Parts of the donor DNA can 
replace parts of the recipient DNA, the process involving 
breakage and reunion of DNA strands by certain enzymes. 
The DNA formed contains genes from both parent cells 
and is called recombinant DNA. The offspring, or recombi- 
nants, will show variation as a result of the mixing of genes. 
This is the basic advantage of sexual reproduction because 
variation contributes to the process of evolution. 


) 
DNA of two 


recipient cell 


daughter cells 


ino m i 


Three methods are known by which recombination can 
be achieved. In order of their discovery they are trans- 


R cells and dead (heat-killed) S cells it would die within a 
few days, and from its blood living S cells could be isolated. 
He concluded that the dead S cells had released a factor 
which enabled R cells to develop capsules and thus resist 
destruction by the host. This ‘transformation’ proved to be 
heritable, and since the molecule of inheritance was at that 
time unknown, though suspected to be protein, great 
efforts were made to identify the transforming factor. 

In 1944, Avery, MacLeod & McCarty succeeded in 
isolating and identifying the factor and were surprised to 
find that it was DNA, not protein. This was the first direct 
evidence that the genetic material is DNA. 

It is now known that during transformation a short piece 
of DNA is released by the donor and actively taken up by 
the recipient, in which it replaces a similar, though not 
necessarily identical, piece of DNA. It only occurs in a few 
genera, including some pneumococci, in so-called 'compe- 
tent’ strains where DNA can penetrate the recipient. A 
possible mechanism for transformation is shown in fig 2.8. 

Conjugation involves DNA transfer between cells in 
direct contact. In contrast to transformation and transduc- 
tion, large fractions of the donor DNA may be exchanged. 
It was discovered in 1946 in Escherichia coli in the following 
experiment. Normally E. coli can make all of its own amino 
acids, given a supply of glucose and mineral salts. Random 


E donor DNA 
©) active uptake 


. r donor DNA becomes single- 
recombinant ©) stranded (other strand is broken 
DNA down) 


F donor DNA strand replaces 
(4) similar, but not identical, 
strand of recipient DNA 
the piece of recipient DNA 
(S which has been replaced is later 
broken down 


(6) hybrid DNA 


(Q) replication of hybrid DNA 


Fig 2.8 A possible method for transformation. The precise method for active uptake of donor DNA is not known 


10299. 


F - cell or ‘female’ (recipient) 


HFr cell or ‘male’ (donor) 


F - cell or ‘female’ (recipient) 


a 


Fig 2.9 Transmission electron micrograph of conjugating bacteria, one ‘male’ and two ‘females’ (x 19 475) 
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mutations were induced by exposure to radiation and two 
particular mutants selected. One could not make biotin (a 
vitamin) or the amino acid methionine. Another could not 
make the amino acids threonine and leucine. About 10° 
cells of each mutant were mixed and cultured on media 
lacking all four growth factors. Theoretically, none of the 
cells should have grown, but a few hundred colonies 
developed, each from one original bacterium, and these 
were shown to possess genes for making all four growth 
factors. Exchange of genetic information had therefore 
occurred, but no chemical responsible could be isolated. 
Eventually it was shown with the electron microscope that 
direct cell to cell contact, that is conjugation, can occur in 
E. coli (fig 2.9). 

The ability to serve as a donor is determined by genes in a 
small circular piece of DNA called the sex factor, or F 
factor (F for fertility), a type of plasmid (see below) which 
codes for the protein of a special type of pilus, the F pilus or 
sex pilus. The sex pilus enables cell to cell contact to be 
established. DNA is a double-stranded molecule and 
during conjugation one of the two strands of F factor DNA 
passes through the sex pilus from the donor (F*) to the 
recipient (F-). The process is summarised in fig 2.10 which 
shows that the donor retains the F factor while the recipient 
also receives a copy. ‘Ftness’ can therefore be spread 


donor F* recipient F~ 
DNA of donor DNA of 
J 7 recipient 
single-stranded F 
factor crosses to 
ra the recipient cell 
Ju through the F 
4 pilus 
(DF factor 
unwinding and F factor with 
being complementary 
replicated at strand being 
the same time synthesised 


Fig 2.10 Conjugation and transfer of F factor between cells. 
1, 2 and 3 represent successive stages in transfer 


Fig 2.11 (below) Mechanism of transduction 


donor bacterial DNA 


breaking down 


new virus coat 
protein 


ela “eo 


" e 
particle & b z jJ? / 
Her cell e 


Es. 
transducing particle — only. Ee 


bacterial DNA present [^ 


new virus DNA 


throughout a population. Donor cells may become F- cells 
by spontaneously losing the F factors. 

The F factor is particularly important because in a few 
cases, about 1 in 100 000, it becomes integrated with the 
rest of the DNA in the host cell. In such cases, the process 
of conjugation involves transfer of not only the F factor, 
but also the rest of the DNA. This takes about 90 min and 
separation may occur before exchange is complete. Such 
strains consistently donate all or large portions of their 
DNA and are called Hfr strains (H = high, f = frequency, 
r = recombination), because the donor DNA can recom- 
bine with the recipient DNA. 

During transduction a small, double-stranded piece of 
DNA is transferred from donor to recipient by a bacterio- 
phage (a virus, see section 2.5). The probable mechanism is 
shown in fig 2.11. 

Some viruses have the ability to integrate their DNA 
with bacterial DNA; it is replicated at the same time as 
their host's DNA and passed from one bacterial generation 
to the next. Occasionally it becomes active and codes for 
the production of new viruses. The host (bacterial) DNA 
breaks down and odd pieces may get included inside new 
virus coats, sometimes to the exclusion of the viral DNA. 
The new ‘viruses’, or transducing particles, then carry the 
DNA to other bacteria. 


Plasmids and episomes 


Plasmids and episomes are small pieces of DNA separate 
from the bulk of the DNA. They often, though not always, 
replicate in step with the host DNA and are not essential 
for the survival of the host. 

Originally a distinction was drawn between plasmids, 
which could not integrate with the host DNA, and 
episomes, which could do so. Episomes include F factors 
and temperate phages (section 2.5.4). In recent years the 
general term plasmid has been adopted for both. Plasmids 


recipient 


Doc bacterial DNA | 
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are now known to be extremely common and can be 
regarded as subcellular parasites or symbionts even simpler 
than viruses. The question of whether viruses are living is 
discussed in section 2.5.2; with plasmids, which are only 
DNA molecules, the question is even more difficult to 
answer. 

Plasmids confer various abilities on their hosts. Some are 
‘resistance factors’ (R plasmids or R factors), that is factors 
that confer resistance to antibiotics. An example is the 
penicillinase plasmid of staphylococci which can be 
transduced by bacteriophages. This contains a gene for the 
enzyme penicillinase which breaks down penicillin, thus 
conferring resistance to penicillin. Spread of such factors 
by sexual reproduction among bacteria has important 
implications for medicine. Other plasmid genes confer 
resistance to disinfectants; cause disease, such as staphylo- 
coccal impetigo; are responsible for the fermentation of 
milk to cheese by lactic acid bacteria; and confer ability to 
utilise complex substances as food, such as hydrocarbons, 
with potential applications in cleaning oil spills and 
producing protein from petroleum. 

To conclude, it should be said that all forms of sexual 
reproduction in bacteria are rare, but significant because of 
the vast numbers of cells occurring in bacterial colonies. 
Sexual reproduction is much less organised than in 
eukaryotes and the complete genome (total DNA) can only 
be exchanged during conjugation of bacteria and then it is a 
rare event. It has particular significance in spreading 
resistance to antibiotics and disinfectants. 


Nutrition 


At the beginning of chapter 9, and summa- 
ised in table 9.1, organisms are placed into four nutritional 
categories, There are examples of bacteria in all four 
categories, as shown in table 2.4. The most important 


2.2.5 


group is the chemoheterotrophic bacteria. In their feeding 
strategies these bacteria resemble fungi. As with fungi 
there are three groups, namely saprophytes, symbionts and 
parasites. 

A saprophyte is an organism that obtains its food from 
dead and decaying matter. The saprophyte secretes 
enzymes onto the organic matter, so that digestion is 
outside the organism. Soluble products of digestion are 
absorbed and assimilated within the body of the sap- 
rophyte. 

Saprophytic bacteria and fungi constitute the decompos- 
ers and are essential in bringing about decay and recycling 
of nutrients. They produce humus from animal and plant 
remains, but also cause decay of materials useful to Man, 
especially food. Their importance in the biosphere is 
stressed in section 2.3.1, and also in chapter 12. 

Symbiosis is the name given to any form of close 
relationship between two living organisms. The two 
organisms are known as symbionts. Examples of bacterial 
symbionts are Rhizobium, a nitrogen-fixer living in the root 
nodules of legumes, such as pea and clover, and Escherichia 
coli, which inhabits the gut of Man, and probably 
contributes vitamins of the B and K groups. 

A parasite is an organism that lives in or on another 
organism, the host, from which it obtains its food and, 
usually, shelter. The host is usually of a different species 
and suffers harm from the parasite. Parasites which cause 
disease are called pathogens. Some examples are given in 
section 2.4. Some parasites can only survive and grow in 
living cells and are called obligate parasites. Others can 
infect a host, bring about its death and then live 
saprophytically on the remains; these are called facultative 
parasites. It isa characteristic of parasites that they are very 
exacting in their nutritional requirements, needing 'acces- 
sory growth factors’ that they cannot manufacture for 
themselves but can only find in other living cells. 


l'able 2.4 The four nutritional categories of bacteria and some of their characteristics. 


Autotrophic Heterotrophic 
(carbon source is carbon dioxide (inorganic)) (carbon source is organic compounds made by other 
organisms) 
Photoautotrophic* Chemoautotrophic Photoheterotrophic* Chemoheterotrophic 
(chemosynthetic) 
Energy source Light Chemical — from oxida- Light Chemical — from oxida- 


Only green and purple 
sulphur bacteria and 
some purple non-sulphur others 
bacteria 


Types 


Further information section 9.9 section 9.10 


tion of inorganic sub- 
stances during respiration 
Nitrifying bacteria, 
sulphur bacteria and 


tion of organic sub- 
stances during respiration 


Only purple non-sulphur Most bacteria — important 

bacteria, extremely few as saprophytes, parasites 

in number and symbionts, utilising 
enormous range of 
chemical substances as 
food 


— section 2.2.5 


* photoautotrophic + photoheterotrophic types comprise the photosynthetic bacteria. 
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2.3 


Bacteria useful to Man 


Micro-organisms are important to Man both 
for their natural roles in the biosphere and because they can 
be deliberately exploited in a number of ways. This 
exploitation is increasing rapidly and forms the basis of a 
current revolution in industry that has come to be known as 
biotechnology. It is expected to transform the way in which 
we produce many vital commodities, including food and 
energy. The success of biotechnology owes much to an 
increasing knowledge of genetics. With this has come the 
opportunity to learn to manipulate the genes of organisms 
to our own ends, the science of genetic engineering. These 
and other examples of the usefulness of bacteria are 
discussed below in sections 2.3.1-2.3.7. 


2.3.1 Bacteria and soil fertility 


Bacteria play an important part in soil fertility. 
Below is a summary of information discussed in more detail 
elsewhere. 


Decay and formation of humus. The forma- 
tion of humus from the litter and fermentation layers above 
it is discussed in chapter 12. Humus is a layer of decayed 
organic matter which, besides containing nutrients, has 
important physical and chemical properties, such as 
water-retaining ability. The action of saprophytic bacteria 
in decaying organic matter is also discussed in section 
9.11.1. Inorganic products which can be recycled as a 
result include carbon dioxide, ammonia, mineral salts (for 
instance phosphates and sulphates) and water. 


Nutrient or biogeochemical cycles. The nit- 
rogen, sulphur and phosphorus cycles are discussed in 
section 9.11. The nitrogen cycle involves: 

(a) nitrogen-fixing bacteria, both free-living saprophytes, 
such as Azotobacter, and symbionts, such as Rhizo- 
bium. 

(5) nitrifying bacteria which can convert organically 
combined nitrogen (for instance protein) to nitrate, 
such as Nitrosomonas and Nitrobacter. 


Table 2.5 Some useful fermentation processes of bacteria. 


(c) denitrifying bacteria which can convert nitrate to 
nitrogen gas, such as Thiobacillus. 


Further information concerning bacteria in the nitrogen 
cycle is given in section 9.11.1. 


2.3.2 Sewage disposal 


The activities of bacteria in sewage works 
closely resemble those of bacteria in the soil because they 
break down organic matter to harmless, soluble, inorganic 
materials. The sewage, separated into liquid and sludge in 
settling tanks, is often digested in several stages by a 
combination of aerobic and anaerobic bacteria. Methane 
gas produced by anaerobic bacteria is sometimes utilised as 
fuel to run the machinery at the works. The products of a 
sewage farm are a liquid, which is normally recycled by 
emptying into rivers, and a sludge that contains harmless 
organic and inorganic materials and micro-organisms 
(mainly bacteria and protozoa) and can be dried and used 
as fertiliser unless contaminated with heavy metals. 


2.3.3 Symbiotic bacteria 


Mammals and other animals cannot digest 
cellulose since they lack the enzyme cellulase. For 
herbivores, cellulose contributes a large proportion of the 
diet, and they have cellulose-digesting bacteria and 
protozoa living symbiotically in the gut. In rabbits, the 
bacteria occupy the caecum and the appendix; in cows and 
sheep, they are present in the rumen. This is of indirect 
significance to Man who uses these animals as a source of 
food. 

Of more direct use is the ‘flora’ of Man’s own intestines 
Many bacteria inhabit the intestines and some, such as / 
coli, synthesise vitamins of the B group and vitamin K 

Some skin bacteria of Man offer protection against 
invasion by pathogenic organisms. 


2.3.4 Fermentation industries 


Many useful organic substances are produced 
as a result of fermentation (see also fungi, section 3.1.6) 


Useful product Starting material 


Organism Other information 


Vinegar (acetic acid or Alcohol, e.g. wine, diluted industrial 
ethanoic acid) alcohol, cider 

Milk products, e.g. Milk 

butter, cheese, yoghurt 


Propanone and 
butanol* 


Silage (used for cattle Freshly cut green fodder, sometimes 
feed) sprinkled with molasses 


Corn steep liquor; molasses 


e.g. Acetobacter 


e.g. Lactobacillus, 
some streptococci 


Aerobic ‘acetic acid bacteria’ 


Partially anaerobic ‘lactic acid bacteria’; 
normally already present in milk, causing 
souring. See also fig. 2.6. 


Clostridium sp. Anaerobic 


Escherichia, 
Aerobacter and then 
anaerobic organisms 


Strong characteristic smell is produced by 
esters of ethanoic, lactic, butyric and 
Propionic acids. Flavour liked by cattle. 


* now produced more cheaply by synthesis. 
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and Man has exploited these over thousands of years. 
Fermentation products are becoming increasingly impor- 
tant as sources of new food and fuels, and much research 
and development is currently going on in this field. Table 
2.5 gives details of some common fermentation processes. 

During cheese manufacture the milk sugar lactose is 
fermented to lactic acid which causes the milk protein, 
casein, to curdle. The solid curds, containing protein and 
fat, are separated from the liquid whey and acted on by 
bacteria and/or fungi. Inoculation with different microbes 
produces different varieties of cheese, such as cheddar 
from Lactobacillus species. The souring of cream during 
butter manufacture and the flavour of butter are caused by 
lactic acid streptococci. Lactobacillus species are also used 
in the production of sauerkraut (from cabbages), silage and 
pickles. 


2.3.5 Antibiotics 


Since the 1930s a great deal of research has 
been devoted to isolating from bacteria and fungi natural 
chemicals that have antibiotic properties, that is which 
inhibit the growth of, or kill, other microbes. They have 
found application in medicine, veterinary science, agricul- 
ture, industry and pure research. Soil-dwelling organisms 
ire a particularly rich source of antibiotics since in the 
micro-ecosystems in which they exist there is much 
competition, and antibiotics form part of the natural 

irmoury' for establishing ecological niches. Soil samples 
{rom all over the world are continually being screened for 
potentially useful new antibiotics. 

One of the most productive sources of antibiotics has 
been the genus Streptomyces, an actinomycete of which 
there are many species and from which over 500 antibiotics 
have been identified. More than 50 of these have found 
practical applications, including streptomycin, chloram- 
phenicol and the tetracyclines. Streptomycin was dis- 
covered soon after penicillin (which is produced by a 
fungus, see section 3.1.6). It proved almost as dramatically 
successful, increasing the range of pathogens that could be 
treated. For example, unlike penicillin, it is active against 
the tuberculosis bacillus. Bacillus species have also proved 
fruitful, such as Bacillus brevis which produces gramicidin. 


Recent advances in biotechnology 
and genetic engineering 


New food sources 


A new food source of recent years is a single cell protein 
(SCP) produced from micro-organisms. There are several 
advantages in using microbes as a food source: they occupy 
less room than conventional crops and animals, and grow 
much more rapidly, and can grow on cheap or waste 
products of agriculture or industry (such as petroleum 
products, methanol and paper). The protein can be used 
for animal feed, which at present includes food suitable for 
human consumption. For example, in the USA, large 
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amounts of the food grains produced in agriculture are fed 
to farm animals, so replacement with SCP will make more 
food available for Man. 


Raw materials and enzyme technology 


Using the versatility of bacteria, new methods of making 
many industrially important chemicals will be introduced. 
Alcohols, ketones, organic acids, sugars and polymers 
could all be made. Enzymes from bacteria will be used in 
chemical conversions, such as methane to ethylene oxide. 
Enzyme-controlled processes have the enormous advan- 
tage of achieving at normal temperatures and pressures 
what often requires very high temperatures and pressures, 
with attendant high costs and danger, in conventional 
chemical plants. 


Genetic engineering 


Much of the explosive increase in our knowledge of 
genetics and molecular biology during this century has 
been due to work on micro-organisms, particularly bacteria 
such as E. coli. Although the term genetic engineering 
might loosely include such long-established techniques as 
selective breeding, it has come to be associated with direct 
manipulation of individual genes. In fig 2.12 an outline of 
the normal procedure is given, but it should be noted that 
some knowledge of DNA and genetics will be necessary to 
understand this (chapters 22 and 23). 


One success has been the transfer of human insulin genes 
into bacteria. Ever since the cause of diabetes mellitus was 
established as a shortage of the hormone insulin, sufferers 
have been provided with insulin derived from the pan- 
creases of slaughtered animals. Insulin is a protein, and it 
was argued that if the genes for this protein could be 
inserted into a bacterium, then it might be possible to 
culture the bacterium on a commercial scale and use it as a 
more convenient and cheaper source of the hormone. One 
of the potential problems in transferring genes between 
eukaryotes and prokaryotes is that different regulatory 
mechanisms might exist, even if the genes themselves can 
be transferred, but successful transfer of human insulin 
genes has now been achieved and commercial production 
of insulin has already commenced. 

Another useful human protein is the anti-viral agent 
called interferon, normally produced in response to viral 
infections. Transfer of the interferon gene into bacteria has 
been accomplished and, looking to the future, bacteria 
might be used as factories for a number of eukaryote 
products, such as hormones, antibiotics, enzymes and 
agricultural chemicals. It is possible that yeasts (eukary- 
otes) may be used instead of bacteria. It may prove possible 
to introduce useful prokaryote genes into eukaryotes, such 
as genes for nitrogen-fixation from bacteria into crop 
plants. The latter would have tremendous significance for 
crop production because it might reduce or eliminate the 
need to add nitrate fertilisers to the soil, on which 
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enormous sums of money are spent and which can cause 
pollution of neighbouring rivers and lakes. 


2.3.7 Biological control 


Certain Bacillus species (such as B. thuringen- 
sis) infect and kill the caterpillars of some butterflies and 
related insects. Since the bacteria do not affect other 
animals or plants they provide an ideal means of controlling 
many serious crop pests. The bacteria are added to the crop 
in a powder. 
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Bacteria harmful to Man 


The activities of bacteria can be harmful to 
Man in two major ways. Firstly, saprophytic bacteria cause 
food spoilage unless precautions are taken; hence the many 
different and economically costly ways of preserving foods. 
Secondly, bacteria can act as agents of disease, more 
commonly in animals than in plants. This affects Man 
himself, his domestic animals and occasionally his crops. 
Common bacterial diseases of Man are conveniently 
discussed with viral diseases since the methods of transmis- 
sion are similar (section 2.6). 


"sticky ends’ - these are 
complementary base sequences 
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PLASMID 


plasmid opened (cleaved) by 
an enzyme called a restriction 
endonuclease which leaves 
"sticky ends" 


base pairing occurs between 
the ‘sticky ends’ of the 

foreign DNA and the plasmid; 
the plasmid is thereby closed 
(annealed) with a new gene 
inserted; the enzyme DNA 
ligase completes the seal 


transformation 


plasmid 


ES Lr W 
] bacterial DNA 


/ 
/ plasmid inserted into 
bacterium; plasmid has thus 
acted as a vector (carrier) 
for the new gene and will also 


Sy 


Fig 2.12 Outline of a procedure for genetic engineering. A virus may be used as a vecto, 


the final stage is ‘transduction’, not ‘transformation’ 
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replicate it in su ve 
generations; the new bacterium 
will now manufacture the new 
protein and can be grown on an 
industrial e in 

"fermenters" 


r instead of a plasmid, in which case 


Important bacterial diseases of animals include Sal- 
monella food poisoning of pigs and poultry. Bacterial 
diseases of plants include crown gall of fruit trees and fire 
blight of apples and pears (Agrobacterium tumefaciens and 
Erwinia amylovorum respectively). 


2.5 
2.5.1 


Viruses 


Discovery 


In 1852, the Russian botanist D. J. Ivanovsky 
prepared an infectious extract from tobacco plants that 
were suffering from mosaic disease. When the extract was 
passed through a filter able to prevent the passage of 
bacteria, the filtered fluid was still infectious. In 1898 the 
Dutchman Beijerink coined the name ‘virus’ (Latin for 
poison) to describe the infectious nature of certain filtered 
plant fluids. Although progress was made in isolating 
highly purified samples of viruses and in identifying them 
chemically as nucleoproteins (nucleic acids combined with 
proteins), the particles still proved elusive and mysterious 
because they were too small to be seen with the light 
microscope. As a result, they were among the first 
biological structures to be studied when the electron 
microscope was developed in the 1930s. 


2.5.2 Characteristics 


Size 


Viruses are the smallest living organisms, ranging in size 
from about 20 nm to 300 nm; on average they are about 50 
times smaller than bacteria. As stated above they cannot be 
seen with the light microscope (since they are usually 
smaller than half a wavelength of light) and they pass 
through filters which retain bacteria. 

The question is often posed, ‘Are viruses living?'. If, to 
be defined as living, a structure must possess genetic 


material (DNA or RNA), and be capable of reproducing 
itself, then the answer must be that viruses are living. If to 
be living demands a cellular structure then the answer is 
that they are not. It should also be noted that viruses are 
not capable of reproducing outside the host cell. They are 
on the borderline between living and non-living and remind 
us that there is a continuous spectrum of increasing 
complexity from simple molecules to the elaborate en- 
closed systems of cells. 


Habit 


Since viruses can only reproduce themselves inside living 
cells, they are all obligate parasites. They usually cause 
obvious signs of disease. Once inside the host cell, they 
‘switch off’ (inactivate) the host’s DNA and, using their 
own DNA or RNA, instruct the cell to make new copies of 
the virus (section 2.5.3). Viruses are transmitted from cell 
to cell as inert particles. 


Structure 


Viruses have a very simple structure consisting of a length 
of genetic material, either DNA or RNA, forming a core 
surrounded and protected by a coat of protein called a 
capsid. The fully assembled, infective particle is called a 
virion. A few viruses, such as herpes and influenza viruses, 
have an additional lipoprotein envelope derived from the 
plasma membrane of the host cell. Unlike all other 
organisms viruses are non-cellular. 

Virus coats are often built up of identical repeating 
subunits called capsomeres. These form highly symmetrical 
structures that can be crystallised, enabling information 
about their structure to be obtained by X-ray crystallo- 
graphy as well as electron microscopy. Once the subunits of 
a virus have been made by the host, they show the property 
of self-assembly into a virus. Self-assembly is characteristic 
of many other biological structures and is of fundamental 
importance in biology. Fig 2.13 shows a simplified, 
generalised structure of a virus. 


capsomeres, together form capsid, a 


protein coat usually highly symmetrical 


core region inside capsid 


| genetic material DNA or RNA 


Fig 2.13 Generalised section of a capsomere-possessing virus 


envelope only in some larger viruses 
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Icosahedron and dodecahedron (such as 
adenovirus, polyoma/papilloma virus, polio virus). An 
icosahedron has 20 triangular faces with 12 corners and 30 
edges. Fig 2.14(a) shows a regular icosahedron. Using the 
technique of negative staining the detailed structure of 
viruses can be observed because the stain can penetrate be- 
tween, and show up, all the surface features. For example 
figs 2.14 (b) and (c) reveal that, in the case of adenovirus, 
each of the 20 faces is made up of a number of capsomeres. 
The overall number of capsomeres is 252 (240 hexagonal, 
12 pentagonal at the corners). This number varies between 
viruses, for instance herpes has 162, polyoma 42,  x174 
bacteriophage 12. All have 12 pentagonal capsomeres, the 
latter having no hexagonal capsomeres and forming a 
shape called a dodecahedron. 


Helical symmetry. This is best illustrated by 
the tobacco mosaic virus (TMV), an RNA virus (fig 2.15). 
The 2 130 identical protein subunits, together with the 
RNA, form an integrated structure called a nucleocapsid. 
In some viruses the nucleocapsid is enclosed in an 
envelope, for instance the mumps and influenza viruses. 


Bacteriophage type. Viruses that attack bac- 
teria form a group called bacteriophages. Some of these 
have a distinct icosahedral head, with a tail showing helical 
symmetry (fig 2.16). 


Complex types. Some viruses have a com- 
plex structure, such as rhabdoviruses and pox viruses. 


2.5.3 Life cycle of a bacteriophage 


The life cycle of a typical bacteriophage is 
shown in fig 2.17; fig 2.18 shows the scale of the phage in 
relation to the bacterium. E. coli is a typical host and it can 
be attacked by at least seven strains of phage, known as T, 
to T;. A T-even phage (for instance T.) is illustrated in figs 
2.16 and 2.17. 
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particle, an icosahedral virus showing spikes at the corners. 
Electron micrograph of a negatively stained preparation. (c) 
Drawing from a three-dimensional model of an adenovirus. 
The capsid is made of 252 capsomeres, 12 at corners, 240 
on faces and edges. Adenoviruses are DNA viruses which 
have been isolated from a variety of mammals and birds. 
They infect lymphoid tissue in Man and cause respiratory 
disease 


2.5.4 Life cycles of other viruses 


A similar life cycle probably occurs in most 
viruses. The penetration process differs in bacterial. plant 
and animal viruses because bacterial and plant viruses have 
to penetrate cell walls. This does not always involve the 
injection process described in fig 2.17 and protein coats are 
not always left outside the cell. 

Some phages do not replicate once inside the host cell 
but instead their nucleic acid becomes incorporated into 
the DNA of the host cell. They may then remain without 
influence through several generations, being replicated 
only as the host replicates its own DNA. Such phages are 
known as temperate phages and the bacteria that harbour 
them lysogenic, meaning that they have the potential for 
lysis, but that this is not shown until the phage resumes 
activity. The inactive phage is called a prophage or 
provirus. 
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Fig 2.15 Structure of tobacco mosaic virus. Drawing of part 
of the rod-shaped virus based on X-ray diffraction, 
biochemical and electron microscope data 


2.5.5 Evolutionary origin of viruses 


The most plausible hypothesis for the origin of 
viruses is that they represent escaped nucleic acid, that is 
nucleic acid that has become capable of replicating itself 
independently of the cell from which it originated, even 
though it means using (parasitising) the machinery of that, 
or other, cells. Viruses would thus be derived from cellular 
organisms and should not be regarded as primitive 
forerunners of cellular organisms. 

How common such ‘escapes’ have been cannot be easily 
judged, but it is likely that our increasing knowledge of 
genetics will reveal more variations on the theme of 
parasitic nucleic acids. 


2.6 


Viruses and bacteria as agents of 
disease 


As mentioned before, viruses are always 
parasitic and therefore usually cause symptoms of disease 
in their hosts. Some important animal diseases that are 
caused by viruses are foot-and-mouth disease of cattle, 
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Fig 2.16 (a) Structure of a bacteriophage. (b) Electron 
micrograph of negatively stained bacteriophage 
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swine fever, fowl pest and myxomatosis of rabbits. Virus 
infections of plants commonly cause a yellow mottling of 
leaves called leaf mosaic, and crinkly or dwarfed leaves. 
They also cause stunting of growth with consequent 
reductions in yields. Some important crop diseases are 
turnip yellow mosaic virus (TYMV), tobacco mosaic virus 
(TMV), tomato bushy stunt and tomato spotted wilt virus. 
The striped appearance of some tulip varieties is caused by 
a virus and these tulips are sold as a specific variety by 
horticulturists. Plant viruses are apparently always RNA 
viruses. 

Table 2.6 describes some common viral diseases of Man 
and can be compared with table 2.7 which gives similar 
information for bacterial diseases. Further information is 
contained in fig 2.6. 


Methods of transmission of viral and 
bacterial diseases 


2.6.1 


It is convenient to discuss the transmission of 
viral and bacterial diseases together since the principal 
methods are the same. Examples of all the methods 
described below are given in tables 2.6 and 2.7. 


base plate 


tail pin 


long tail fibre 


Droplet infection 


Respiratory infections in particular are usually spread by 
droplet infection. Sneezing and coughing result in a violent 
expulsion of millions of tiny droplets of liquid (mucus and 
saliva) which can carry living microbes and be inhaled by 
other people, particularly in crowded and poorly ventilated 
places. Standard hygiene should include appropriate use of 


one 
double-stranded 
DNA molecule 


tail fibre 


surface of bacterium 


handkerchiefs or tissues and ventilation of rooms. 

Some microbes, like the smallpox virus and the tubercu- 
losis bacterium, are quite resistant to drying out, so may be 
carried in dust containing the dried remains of droplets. 
Even talking can result in microscopic droplets of saliva 
being released, so such infections are difficult to prevent if 
the microbe is virulent. 
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Fig 2.17. Life cycle of a bacteriophage 
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Fig 2.18 Electron micrograph of bacteriophages heavily infesting a bacterium Escherichia coli 


Contagion (direct physical contact) 


Relatively few diseases are spread by direct physical 
contact with an infected person or animal. They include the 
venereal, that is sexually transmitted, diseases such as 
gonorrhoea and syphilis. A disease closely related to 
syphilis, namely yaws, is common in tropical countries and 
requires direct skin contact. Contagious viral diseases 
include trachoma, a common eye disease of tropical 
countries, the common wart and herpes simplex which 
causes 'cold sores'. Leprosy and tuberculosis are caused by 
Mycobacterium species and are contagious bacterial dis- 
eases. 


Vectors 


A vector is an organism that transmits a pathogen. It picks 
up the infection from an organism called the reservoir. For 
example the flea is the vector of the two bacterial diseases 
endemic typhus and plague (bubonic plague or Black 
Death) and the reservoir is the rat. In the case of rabies, a 
viral disease, the vector and reservoir are the same, for 
example dog or bat. 


Table 2.6 Some common viral diseases of Man. 


2.5 What are (a) the vectors and (b) the 
reservoirs for (i) epidemic typhus and (ii) yellow 
fever? (See tables 2.6 and 2.7.) 


In the cases mentioned the vector acts as a second host in 
which the pathogen can multiply. Insects can also carry 
pathogens on the outsides of their bodies. For example, 
houseflies walking and feeding on faeces from a person 
infected with a gut disease, such as cholera, typhoid or 
dysentery, might transmit the pathogen to food likely to be 
consumed by Man. 


Faecal contamination 


With diseases that affect the alimentary canal the 
pathogens leave the body in the faeces. Three common 
means of transmitting disease arise from this. 


Waterborne. The classic waterborne dis- 
eases are cholera, typhoid (both caused by flagellated 
bacteria) and dysentery. If insanitary conditions prevail, 
faeces of infected individuals are often deposited in or near 


Name of disease Caused by Parts of body affected 


Method of spread Type of vaccination* 


Influenza A myxovirus 
(DNA virus) three 
types, A, B, and C, 
of varying severity 
Large variety of 
viruses, most 
commonly rhino- 
virus (RNA virus) 


Common cold 
upper passages only 


Smallpox** Variola virus Respiratory passages, then skin 
(DNA virus) a pox 
virus 
Mumps A paramyxovirus Respiratory passages, then 
(RNA virus) generalised infection throughout 
body via blood, particularly 
salivary glands; also testes in 
adult males 
Measles A paramyxovirus Respiratory passages (mouth to 


(RNA virus) 
intestines 


German measles Rubella virus 


(Rubella) nodes in neck, eyes and skin 

Poliomyelitis Poliovirus Pharynx and intestines, then 

(‘polio’) (a picornavirus) blood; occasionally motor 
(RNA virus), three neurones in spinal cord, when 


strains exist paralysis may occur 


Yellow fever An arbovirus, that 
is arthropod-borne 


virus (RNA virus) 


Respiratory passages: epithelial 
lining of trachea and bronchi 


Respiratory passages: usually 


Respiratory passages, lymph 


Lining of blood vessels and liver 


Droplet infection Killed virus: must be of right strain 


Droplet infection Living or inactivated virus given as 
intramuscular injection; not very 
effective because so many different 
strains of rhinovirus 

Droplet infection Living attenuated virus applied by 
(contagion possible scratching skin; no longer carried 
via wounds in skin) out 

Droplet infection 
(or contagion via 
infected saliva to 
mouth) 


Living attenuated virus 


Droplet infection Living attenuated virus 


bronchi) spreading to skin and 


Droplet infection Living attenuated virus; more 
essential for girls because disease 


causes complication in pregnancy 


Living attenuated virus given orally, 
usually on sugar lump 


Droplet infection 
or via human 
faeces (see cholera, 
table 2.7) 


Vector — arthro- 
pods, e.g. ticks, 
mosquitoes 


Living attenuated virus (control of 
vectors also important) 


* types of vaccination — see table 2.8 


** last recorded natural case in Somalia, October 1977; disease extinct, though virus kept in a few laboratories 
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Table 2.7 Some common bacterial diseases of Man. 


Name of disease 


Caused by 


Parts of body affected 


Method of spread 


Type of vaccination* or antibiotic 


Diphtheria 


Tuberculosis (TB) 


Whooping cough 


Gonorrhoea 


Syphilis 


Typhus 


Tetanus 


Cholera 


Typhoid fever 


Corynebacterium 
diphtheriae 
(rod-shaped, 
Gram +) 
Mycobacterium 
tuberculosis 
(rod-shaped, 
member of 
Actinomycetes) 


Bordetella 
pertussis 
(rod-shaped, 
Gram —) 
Neisseria 
gonorrhoeae 
(coccus, Gram —) 


Treponema 
pallidum 

(a spirochaete) 
Rickettsia 


Clostridium tetani 
(rod-shaped, 
Gram +) 


Vibrio cholerae 
(comma-shaped, 
Gram —) 


Salmonella typhi 
(= S. typhosa) 
(rod-shaped, 
Gram —) 


Upper respiratory tract, mainly 
throat. Harmful toxin spread by 
blood to all parts of body. Toxin 
affects heart. 


Mainly lungs 


Upper respiratory tract, inducing 
violent coughing 


Reproductive organs: mainly 
mucous membranes of urino- 


genital tract. Newborn infants may 


acquire serious eye infections if 
they pass through infected birth 
canal. 

Reproductive organs, then eyes, 
bones, joints, central nervous 
system, heart and skin 


‘Epidemic typhus’ more serious 
than ‘endemic typhus’. Similar to 
typhoid. Linings of blood vessels 
causing clots. Skin rash. 


Blood, Toxin produced which 
affects motor nerves of spinal 
cord and hence muscles, causing 
lockjaw and spreading to the 
muscles. Often fatal. 
Alimentary canal: mainly small 
intestine. Toxin affects lining of 
intestine. 


Alimentary canal, then spreading 


to lymph and blood, lungs, bone 
marrow, spleen 


Bacterial dysentery Shigella dysenteriae Alimentary canal, mainly ileum 
(bacillary dysentery) (rod-shaped, 


Bacterial food 
poisoning (gastro- 
enteritis or 
salmonellosis) 


Gram —) 
Salmonella spp. 
(rod-shaped, 
Gram —) 


and colon 


Alimentary canal 


Droplet infection 


Droplet infection. 
Drinking milk from 
infected cattle. 


Droplet infection 


Contagion by 
sexual contact 


Contagion by 
sexual contact 


Epidemic typhus: 
vector — louse. 
Endemic typhus: 
vector — rat flea. 
From rat to rat by 
flea and lice. 


Wound infection 


Faecal contamina- 

tion: 

(a) food- or water- 
borne of 
material 
contaminated 
with faeces from 
infected person; 

(b) handling of con- 
taminated objects; 

(c) vector, e.g. flies 
moving from 
human faeces to 
food. 


As cholera 


As cholera 


Mainly foodborne- 
meat from infected 
animals, mainly 
poultry and pigs. 
Also via faecal con- 


E 


Toxoid 


BCG living attenuated bacteria. 
Must test first to see if already 
immune. 

Antibiotics, e.g. streptomycin. 


Killed bacteria 


Antibiotics, e.g. penicillin, 
streptomycin 


Antibiotics, e.g. penicillin 


Killed bacteria or living non- 
virulent strain. Antibiotics, e.g. 
tetracyclines, chloramphenicol 
(control of vectors also important). 


Toxoid 


Killed bacteria: short-lived 
protection and not always 
effective. 

Antibiotics, e.g. tetracyclines, 
chloramphenicol. 


Killed bacteria (TAB vaccine) 


No vaccine. 
Antibiotic, e.g. tetracyclines. 


No vaccine. 

Antibiotics, e.g. tetracyclines; 
usually not necessary and not 
very effective. 


tamination as cholera. 


* types of vaccination — see table 2.8 
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Table 2.8 Types of vaccine 


(1) Attenuated living micro-organism 


An attenuated microbe is one whose virulence has been greatly reduced by some laboratory procedure, e.g. growing it in a high 
temperature. It may be a mutant variety with the same antigens, but lacking virulence. 


(2) Killed micro-organism 


Killed by some laboratory procedure, e.g. exposure to 75% alcohol (TAB vaccine). Antigens still present. 


(3) Toxoids 


A toxoid is an inactivated toxin that retains its antigenic properties. It is inactivated by laboratory treatment, e.g. treatment 


with formaldehyde. 
(4) Mild strain of virus 


Closely related but non-pathogenic strain, e.g. formerly smallpox/cowpox. 


water which may be used for drinking. In this way disease 
spreads rapidly through a population. 


Foodborne. Food may be contaminated by 
traces of faecal matter by washing it in contaminated water, 
touching it with unwashed hands or when a vector such as a 
housefly touches it. 


Contamination of objects. Various objects 
may become contaminated with faecal matter either 
directly or via handling. Subsequent handling by another 
person may lead to hand-to-mouth passage of the disease. 


‘True’ foodborne 


Salmonella food poisoning is commonly spread in the meat 
of infected animals if it is undercooked. Clostridium 
botulinum (fig 2.6) is a bacterium which causes botulism, an 
often fatal form of food poisoning because the toxin it 
produces is one of the most toxic substances known (the 
lethal dose for mice is 5 x 10-5ug). It can grow in 
protein-rich foods, particularly tinned meats. 


Contamination of wounds 


Ignoring the bites of animal vectors, there are certain 
diseases associated with contamination of wounds. Gas 
gangrene and tetanus are both infections of deep wounds 
caused by Clostridium species, usually picked up from the 
soil. More superficial wounds and burns are easily infected 
with staphylococci and streptococci. 


2.7 


Practical work 


The following practical work is designed to 
cover some of the basic microbiological techniques associ- 
ated with bacteriology, using milk as a relatively safe 
source of bacteria. Milk is a useful food source for bacteria 
as well as mammals, and certain bacteria are characteristi- 
cally associated with it. 


ZNA Bacterial content of milk 


Bacteria inevitably enter milk during milking 
and handling, even under the most hygienic conditions. 
Milking is normally followed immediately by cooling to 
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streptococci 


E bees 


S 


Fig 2.19 (a) Scanning electron micrograph of bacteria 
recovered from milk. (b) Bacteria recovered from milk by 
membrane filtration. Chains of Streptococci and rods are 
clearly visible 


retard bacterial growth. The untreated (raw) milk is 
pasteurised, a heat process intended to kill pathogenic 
bacteria, though many non-pathogenic bacteria survive. 
Bacteria present are: 

15-30?C Streptococcus lactis (Gram +) dominates, to- 
gether with many other streptococci (Gram +) 
and coryneform bacteria (for example Micro- 
bacterium, Brevibacterium) which resemble 
Lactobacilli but may have swollen ends to the 
rods (coryneform means club-shaped). 
Streptococcus lactis grows well at 10°C but 
growth ceases at > 40°C. 

Lactobacillus (Gram +) and coliform (gut- 
living) bacilli (Gram —) dominate, such as Æ. 
coli, 

Streptococcus lactis and Lactobacillus are lactic acid 
bacteria. They produce lactic acid during fermentation 
(anaerobic respiration) of lactose (milk sugar) and the 
accumulating acid causes souring of milk. Colonies of S. 
lactis and Lactobacillus are relatively small (maximum 
jiameter of a few millimetres on a culture) and never 
»igmented, appearing chalky white. S. lactis forms smooth- 
extured colonies with entire edges. If finely divided 
calcium carbonate is included in the nutrient agar, 
ireptococci show clear zones around each colony where 


30-40°C 


(a) Flaming the loop 


entire length of 
vire heated until 
red hot - further 
heating 
innecessary tuni _ loop - allow to cool before 
T ` 
\ use, e.g. by propping 
handle against base of Bunsen 
burner 
Bunsen burner. 


(b) Streaking the plate 


; 18 
numbers show sequence 17 
of streaks 16 
15 
14 


$34 
Collect a loopful of milk. Raise lid of 192021 22 


Petri dish only as far as necessary and 
lightly spread milk as shown, without 
damaging surface of agar. Each line 
represents one stroke with wire loop. 
Flame the loop and cool between each set 
of six lines. 


Fig 2.20 Flaming a wire loop and inoculating nutrient agar 
with milk bacteria using the streaking technique 


lactic acid dissolves the calcium carbonate. Streptococci 
are responsible for the normal souring of milk. They have 
the usual appearance under the microscope (fig 2.19). 
Lactobacilli are rods which tend to stick together in long 
chains (fig 2.19). Colonies may have a rough surface 
texture with irregular edges. 

A number of other bacteria may be found in milk, 
including the gut-living rod Alcaligenes (Gram —) found 
singly or in chains. It may be recognised on MacConkey’s 
agar by a yellowish (alkaline) zone around each colony, 


2.7.2 Bacteriology experiments 


The following three experiments are exercises 
in the use of microbiological techniques. The second and 
third experiments are extensions of the first. The first 
experiment is to culture milk bacteria. The second is to 
stain bacteria for examination with a light microscope. The 
third involves the counting of bacterial colonies using the 
technique of serial dilution. 


Experiment 2.1: To investigate the bacterial con- 
tent of fresh and stale milk 


The aims of the experiment are to determine the effect of 
leaving milk unrefrigerated for 24 h and why milk becomes 
stale. Milk is almost a complete food for humans and the 
experiments show that it is also a good culture medium for 
certain bacteria. 


Materials 
4 sterile nutrient agar fresh pasteurised milk 
plates stale milk (milk left at room 


temperature for 24 h) 
incubator set at 35^C 


inoculating loop 

Bunsen burner 

indelible marker or wax 
pencil 


Method 


(1) Placethe inoculating loop in the Bunsen burner flame 
until the loop is red-hot (fig 2.20a). 

(2) Allow the loop to cool and then dip it into a sample of 
fresh, well-shaken milk. 

(3) Lift the lid of a sterile agar plate slightly with the other 
hand and lightly spread the contents of the inoculat- 
ing loop over the surface of the agar as described in 
fig 2.20b. 

(4) Close the lid of the plate and return the loop to the 
Bunsen burner flame until red-hot. 

(5) Label the base of the plate with an indelible marker 
(or wax pencil). 

(6) Repeat with a second plate and another sample of 
fresh milk. 

(7) Flame the loop again and having allowed it to cool, 
dip it into a sample of stale milk. 

(8) Spread the contents of the loop over the surface of a 
third plate and then close the lid. 
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(9) Label the base of the plate with an indelible marker. 

(10) Repeat with a fourth plate and a second sample of 
stale milk. 

(11) Place the four plates in an incubator at 35 °C for about 
three days. They should be placed upside down to 
prevent condensation falling onto the cultures. After 
incubation, the two halves of each plate should be 
taped together for safety reasons. 

(12) Record the appearance of the colonies and compare 
with the description in section 2.7.1. 


Notes 

(1) Students may pour their own plates, if McCartney 
tubes of sterile, molten, nutrient agar are supplied. 

(2) The particular streaking technique used progressively 
reduces the number of bacteria in each streak. It is 
suitable in situations where large numbers of bacteria 
are present, as in milk, and is normally used to isolate 
pure colonies of bacteria from mixed cultures. 

(3) The plates can be placed in a refrigerator after 
incubation until required. This prevents further bac- 
terial growth. 

(4) When the plates are no longer required they should be 
placed in a disposable autoclave bag and autoclaved 
for 15 min before final disposal. 

(5) Other experiments using milk could be performed. The 
experiment above is the simplest. The effect of 
refrigeration could be studied. Also if samples of raw 
(unpasteurised) milk could be obtained (for instance 
direct from a dairy farm) the effect of the process of 
pasteurisation on the bacterial content of milk could be 
studied. Pasteurisation of milk can be accomplished 
by placing raw milk in a sterile test-tube plugged with 
cotton wool and heating at 63°C for 35 min in a water 
bath. A third variation would be to incubate some 
plates at 10°C instead of 35°C. This lower tempera- 
ture favours growth of Streptococcus lactis compared 
with Lactobacillus. 


Experiment 2.2: To stain bacteria for examina- 
tion with a light microscope 


Although direct microscopic examination of living bacteria 
is possible using a phase contrast microscope, it is more 
common to kill and stain bacteria before examination. 
One stain which is important in the identification of 
bacteria is the Gram stain. It was first developed by a 
Danish physician, Christian Gram, in 1884. Before stain- 
ing, all bacteria are colourless. Afterwards Gram positive 
bacteria are stained violet and Gram negative bacteria 
stained red. The difference between the two types of 
bacteria is described in section 2.2.2 (cell walls). 


Materials 


basic stain = crystal violet (0.5% aqueous) 
mordant = Lugol's iodine 
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decolouriser = acetone—alcohol (50:50 acetone: abso- 
lute alcohol) 

counterstain = safranin (1% aqueous) 

wire loop 

Bunsen burner 

glass slides scrupulously clean (wipe with alcohol) 
forceps 

staining rack set up over sink or dish 

distilled water in a wash bottle 

blotting paper 

immersion oil and microscope with oil immersio 
lens 


Method 


(Stages 1 to 6 should take about 5 min.) (Based o: 

Bacteriology, Humphries, J., John Murray, 1974.) 

(1) Prepare a smear of bacteria on the slide as follows 
Flame a wire loop and cool. Place a loopful or two o! 
tap water on the centre of a clean slide. Touch the wire 
loop lightly on a selected bacterial colony from th: 
experiment above, opening the lid of the plate a 
minimal amount for safety reasons. Transfer th 
bacteria to the slide and gently mix with the wate: 
Spread the bacteria over the slide, using the loop, t 
cover an area about 3 x 1 cm. Flame the loop again. i: 
is important to achieve the correct thickness of the 
smear. It should appear only faintly opalescent and i 
more usually too thick than too thin. It should also be c 
even thickness. Allow the smear to become perfect! 
dry in air (a few minutes). 

(2) Fix the smear. Holding the slide with forceps, pass it 
horizontally just over a yellow bunsen flame three 
limes. It is important that it is not overheated and 
Should feel comfortable against the skin after each 
passage over the flame. Fixing kills the bacteria by 
coagulating the cytoplasm and also makes them stick 
lo the slide. 

(3) Staining is likely to soil the bench so should be done on 
a rack over a sink or dish. A rack can be made by 
arranging two glass or metal rods across the sink or 
dish 5 cm apart and absolutely horizontal. If supported 
on plasticine they are easily adjusted. Flood the slide 
with crystal violet stain. Leave for 30 s. 

(4) Wash off with Lugol's iodine; flood with Lugol's iodine 
and leave for 30s. Wash off the iodine with distilled 
water from a wash bottle. 

(5) Flood the slide with acetone-alcohol until no more 

colour is seen to come off (about 3s); immediately 

wash with water to prevent excessive decolourisation. 

Repeat if necessary (only experience will show how 

much washing is needed). 

Flood the slide with safranin and leave for 1 min. Wash 

off the stain with water. Gently dry the slide between 

Sheets of clean blotting paper and allow to dry finally in 

air. 

Apply a drop of immersion oil and examine under the 

oil immersion lens (section A2.3.2). 


(6 


(7 


Results 


Are your observations in agreement with the description 
given in section 2.7.1 of the bacterial content of milk? 


Experiment 2.3: To compare the numbers of 
bacteria present in fresh and stale milk 


If a single bacterium is placed on nutrient agar it will grow to 
form a colony which is easily seen with the naked eye, 
unlike the original bacterium. This can be made use of 
when counting bacteria. 

After sterilising the apparatus, the first part of the 
experiment involves the technique of serial dilution. The 
numbers of bacteria in milk are vast, so counting can be 
made more manageable by diluting by a known factor and 
iaking a small sample of known volume. A series of 
dilutions is prepared. In the second part of the experiment 
samples of each dilution are cultured and the one giving 
the most suitable number of colonies (a reasonably large 
number but with no overlap of colonies) when grown on 
agar is used to calculate the number of bacteria in a given 
volume of milk. 


Materials 


indelible marker 
Bunsen burner 


6 sterile nutrient agar 


plates 

8 1 cm? graduated 100 cm? distilled water 
pipettes fresh milk 

1 10cm? graduated stale milk 
pipette 7096 alcohol 

6 test-tubes and aluminium foil 


test-tube rack 
cotton wool 


glass spreader 


Sterilisation of apparatus 

(1) Place cotton wool plugs in each of six test-tubes and 
cover the plugs loosely with aluminium foil. 

Place a small piece of cotton wool in the top of each of 
eight 1cm? graduated pipettes and one 10cm? 
graduated pipette and wrap each pipette separately in 
aluminium foil. 

Place the test-tubes and pipettes in a hot air oven at 
160°C for 60 min (bottles of media and water should 
not be sterilised in an oven). 

(4) Allow all the apparatus to cool before use. 


Serial dilution of milk and inoculation of agar plates 
(1) Label the six sterile plugged test-tubes F1, F2, F3, 
S1, S2 and S3, and remove the aluminium foil covers 
from the plugs. 
(2) Label the base of each of six sterile nutrient agar 
plates F1, F2, F3, and S1, S2, S3. 
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(3) Transfer 9.9 cm? of sterile distilled water to each of 

the six test-tubes using the following technique. 

(a) Remove the cotton wool plug from the flask 
containing sterile distilled water using the little 
finger and fourth finger of one hand. 

(b) Whilst holding the plug, draw up 9.9 cm? of water 
using the sterile 10 cm? graduated pipette held in 
the other hand. 

(c) Replace the plug. 

(d) Remove the plug from the first test-tube using 
the same method as in (a). 

(e) Transfer 9.9 cm? of water to the test-tube. 

(f) Replace the plug. 

(g) Repeat for the five remaining test-tubes. 

Shake the sample of fresh milk and transfer 0.1 cm? 

of this milk using a sterile 1 cm? pipette to tube F1, 

removing and replacing the plug as before. This gives 

a x100 dilution. 

(5) Shake the tube gently to ensure thorough mixing. 

(6) Using a fresh pipette, transfer 0.1 cm? from tube F1 to 
the sterile plate labelled F1, lifting the lid by a minimal 
amount. 

(7) Dip a glass spreader in 70?6 alcohol, allow excess 
alcohol to drip off and then hold the spreader 
vertically in a Bunsen burner flame. 

(8) Cool the spreader and spread the sample of milk over 
the surface of the plate. 

(9) Re-sterilise the spreader. 

(10) Using the same pipette as in point (6), transfer 
0.1cm? from tube F1 to tube F2, removing and 
replacing the bungs as before. 

(11) Shake the tube F2 to ensure thorough mixing. This 
gives a x10 000 dilution. 

(12) Repeat the procedure from (6)-(9), substituting F2 
for F1. 

(13) Repeat from (10)-(11), using F3 for F2. This gives a 
x 1 000 000 dilution. Repeat (6)-(9) using F3 for F1. 

(14) Repeat the serial dilution technique using the sample 
of stale milk and prepare plates S1, S2 and S3. 

(15) Incubate the six plates upside down at 35 *C for about 
three days. 

(16) The lids of the plates should then be taped down to 
avoid the risk of pathogens being spread. 

(17) Examine the plates for bacterial growth. Count the 
numbers of individual colonies where practical. 
Record results in the form of a table and use them to 
calculate the number of bacteria in 1 cm? of undiluted 
milk. 
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Notes 
See notes (3) and (4) at the end of experiment 2.1. 


Chapter Three 


Variety of life—fungi and plants 


In chapter 2 it was stated that all cellular organisms seem to 
fall into two natural groups, prokaryotes and eukaryotes. 
The prokaryotes are discussed in chapter 2, while chapters 
3 and 4 are concerned with the eukaryotes. The eukaryotes 
have certain important features in common, summarised in 
table 2.1; one of these is the presence of nuclei in their cells. 
There is evidence that a key event in the evolution of 
eukaryotes was the invasion of a primitive ancestor by 
aerobic prokaryotes that developed into mitochondria (the 
endosymbiont theory — see section 9.3.1.). Another 
important event is thought to have been a subsequent 
invasion by photosynthetic prokaryotes (blue-green algae) 
that developed into chloroplasts. Cells from this line of 
evolution are believed to have become plants, and a plant 
can be defined as a photosynthetic eukaryote or an 
autotrophic eukaryote, autotrophic meaning that it uses 
carbon dioxide as a source of carbon. All the other 
eukaryotes are non-photosynthetic and heterotrophic 
(using an organic source of carbon) because they lack 
chloroplasts. Among the early eukaryotes are thought to 
have been the algae, fungi, slime moulds and protozoa. 
\lgae are primitive plants and protozoa are primitive 
nimals. Fungi and slime moulds show some plant and 
animal characteristics. The basic stock of eukaryotes from 
which these groups probably arose contained the flagel- 
lates, simple unicellular organisms which move by beating 
ella. Flagellates also exhibit both animal and plant-like 


(a) 


slime moulds fungi | 
(Myxomycetes (Fungi) 
or Mycetozoa) 


Kingdoms: 


both groups have some plant and animal 
characteristics 


(b) eukaryotes 


Kingdoms: plants 


(Plantae) 


Fig 3.1 


characteristics. Evolutionary relationships among these 
primitive groups are still not clear, but further viewpoints 
are discussed later in this chapter (see algae) and at the 
beginning of chapter 4. 

Fig 3.1 summarises two ways in which the eukaryotes can 
be divided into kingdoms. 

It has been traditional to recognise just two kingdoms, 
the plant and animal kingdoms (fig 3.15). Plants are 
distinguished from animals according to the features shown 
in table 3.1. However, problems of classification are then 
presented by the slime moulds and fungi. Slime moulds 
could be classified as animals because they are motile and 
fungi as plants because they are non-motile and have cell 
walls. It seems more acceptable, however, in the light of 
modern evidence and ideas to suggest that slime moulds, 
fungi, plants and animals are all sufficiently different to 
justify their being placed in separate kingdoms. Classifica- 
tion (a) in fig 3.1 therefore represents the more modern 
view and is the one recommended. 


Kingdom Fungi 


The fungi are a large and successful group of 
organisms of about 80 000 named species. They range in 
size from the unicellular yeasts to the large toadstools, 
puffballs and stinkhorns, and occupy a very wide range of 


eukaryotes 


animals 
(Animalia) 


plants 
(Plantae) 


animals 
(Animalia) 


Eukaryotic kingdoms: (a) a modern scheme, (b) a traditional scheme 


Table 3.1 Differences between plants and animals. 


Typical animal 


Typical plant 


Nutrition Heterotrophic (see chapter 10) 

Locomotion Motile — essential for finding food 

Sensitivity Controlled by hormones and nervous system — 
latter allows rapid reactions and is essential for 
movement and locomotion 

Excretion Special excretory structures in most multi- 


Osmoregulation 


cellular animals, particularly for nitrogenous 
excretion 


Special structures to carry out osmoregulation 


Autotrophic (see chapter 9) 
Non-motile 


Controlled by hormones only — no nervous system, 
Responds slowly to stimuli, usually by growth. 


Few excretory products and no special excretory 
organs 


Active osmoregulation not required owing to 


Growth Occurs throughout body 


Surface area to 
volume ratio 


Compact body for ease of movement 


Cell structure No rigid cell wall 
Vacuoles small and temporary 


No chloroplasts or other plastids 


Stores carbohydrate as glycogen 


Centrioles present 


presence of cell walls 


Restricted to certain regions called 
meristems (in multicellular plants) 


Large surface area to volume ratio for efficient 
trapping of light and exchange of materials. Branching 
often occurs 


Rigid cell wall containing cellulose 
Large permanent vacuole containing cell sap 


Chloroplasts (containing chlorophyll) or other plastid 
present 


Stores carbohydrate as starch 


Centrioles absent 


habitats, both aquatic and terrestrial. They are also of 
major importance for the essential role that they play in the 
biosphere, and for the way in which they have been 
exploited by Man for economic and medical purposes. 

Fungi include the numerous moulds growing on damp 
organic matter (such as bread, leather, decaying vegetation 
and dead fish), the unicellular yeasts which are abundant 
on the sugary surfaces of ripe fruits and many parasites of 
plants. The latter cause some economically important 
diseases of crops, such as mildews, smuts and rusts. A few 
fungi are parasites of animals, but are less significant in this 
respect than bacteria. 

The study of fungi is called mycology (mykes, 
mushroom). It constitutes a branch of microbiology 
because many of the handling techniques used, such as 
sterilising and culturing procedures, are the same as those 
used with bacteria. 


3.1 Fungi 


3.1.1 Characteristics and classification of 


fungi 


Fungi are eukaryotes that lack chlorophyll, 
and are therefore heterotrophic, like animals. However, 
they have rigid cell walls and are non-motile, like plants. 
Traditionally, they have been regarded as plants*, but 
more modern classifications, such as that shown in fig 3.1a, 
place them in a separate kingdom. Their characteristics and 
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classification are summarised in fig 3.2 and table 3.2. The 
two largest and most advanced groups are the Ascomycota 
and the Basidiomycota. 


3.1 Using those features of the kingdom 
Fungi given in table 3.2, prepare a table of differences 
between fungi and chlorophyll-containing plant cells. 


Structure 


The body structure of the fungi is unique. It consists of à 
mass of fine, tubular branching threads called hyphae 
(singular, hypha), the whole mass being called a mycelium 
Each hypha has a thin, rigid wall whose chief component is 
chitin, a nitrogen-containing polysaccharide also found as a 
structural component in the exoskeletons of arthropods 
(section 5.2.4). In some cases cellulose is also found. The 
hyphae are not divided into true cells. Instead, the 
protoplasm is either continuous or is interrupted at 
intervals by cross-walls called septa which divide the 
hyphae into compartments similar to cells. Unlike normal 
cell walls their formation is not a consequence of nuclear 
division, and a pore normally remains at their centre 
allowing protoplasm to flow between compartments. Each 
compartment may contain one, two or more nuclei, which 


* At one time fungi were given the status of a class, and together with the 
class Algae formed the division Thallophyta of the plant kingdom. The 
Thallophyta were those plants whose bodies could be described as a 
thallus. A thallus is a body, often flat, which is not differentiated into true 
Toots, stems and leaves and lacks a true vascular system. 


(a) Kingdom: 


Division: Chytridiomycota 


(b) Kingdom: 


Division: 


Class: Chytridiomycetes 


pa 


Fungi 


Basidiomycota Fungi Imperfecti 


Oomycota Zygomycota Ascomycota 
Plantae (plants) 
Fungi 
Oomycetes Zygomycetes Ascomycetes B; 


— 


v 
formerly one class, the Phycomycetes 


idiomycetes Fungi Imperfecti 


NB the suffix-mycota is used for divisions in scheme (a), 


being comparable with-phyta in the plant kingdom. In 
scheme (b)-mycota is replaced by-mycetes. 


Fig 3.2 Classification of fungi: (a) a modern scheme, (b) a traditional scheme 


Table 3.2 Classification and characteristics of fungi. 


Kingdom Fungi 


General characteristics 


Heterotrophic nutrition because they lack chlorophyll and are therefore non-photosynthetic. They can be parasites, saprophytes or 


symbionts 


Rigid cell walls containing chitin as the fibrillar material, except Oomycota, where cellulose occurs 
Body is usually a mycelium, a network of fine tubular filaments called hyphae 
If carbohydrate is stored, it is usually as glycogen, not starch 


Reproduce by means of spores 
Non-motile 


Division Oomycota 

Sexual reproduction by 
oogamy, involving fusion of 
an oosphere (female gamete) 
with a male gamete to 
produce an oospore 


Asexual reproduction by 
means of biflagellate 
oospores produced in 
sporangia 


Non-septate hyphae 


e.g. Phytophthora infestans, 
facultative parasite 
causing potato blight 
Pythium, many important 
facultative parasites, 
some cause damping-off 
of seedlings 
Peronospora, obligate 
parasites, causing downy 
mildews of crucifers, 
e.g. cabbages 


Division Zygomycota 


Division Ascomycota 


Sexual reproduction by 
conjugation, involving fusion of 
two gametangia to produce a 
zygospore 


Asexual reproduction by 
conidia or sporangia containing 
spores. No zoospores 


Non-septate hyphae and large, 
well-developed, branching 
mycelium 


e.g. Rhizopus stolonifer, 
common bread mould, a 
saprophyte. Mucor, common 
moulds, saprophytes 


Sexual reproduction involves 
production of spores (asco- 
spores) inside a special structure 
called an ascus 


Asexual reproduction by 
conidia. No sporangia 


Septate hyphae 


e.g. Penicillium and Aspergillus, 
saprophytic moulds. 
Saccharomyces (yeast), 
unicellular saprophytes. 
Erysiphe, obligate parasites 
causing powdery mildews, 
e.g. of barley. 

Ceratocystis ulmi, parasite 
causing Dutch elm disease 


Division Basidiomycota 


Sexual reproduction involves 
production of basidia which 
bear spores (basidiospores) 
externally 


Asexual reproduction by for- 
mation of spores. Not common 


Septate hyphae 


e.g. Agaricus campestris, field 
mushroom, a saprophyte 


Division Chytridiomycota 


A small group of microscopic, often unicellular, fungi, e.g. Synchytrium endobioticum, a parasite causing wart disease of 


potatoes. 


Division Deuteromycota (Fungi Imperfecti) ; Eee 
Fungi in which sexual reproduction has never been observed, and whose classification is uncertain, e.g. Trichophyton which 


causes athlete’s foot and ring-worm. 


NB: Divisions end in ‘-mycota’ 


are distributed at more or less regular intervals along the 
hyphae. Hyphae lacking cross-walls are called non-septate 
(aseptate) or coenocytic, the latter term applying to any 
mass of protoplasm containing many nuclei and not split 
into cells. Hyphae having cross-walls are called septate. 
Within the cytoplasm the usual eukaryote organelles are 
found, such as mitochondria, Golgi apparatus, endoplas- 
mic reticulum, ribosomes and vacuoles. In the older parts, 
vacuoles are large and cytoplasm is confined to a thin 
peripheral layer. Sometimes hyphae aggregate to form 
more solid structures such as the fruiting bodies of the 
Basidiomycota. 


Nutrition 


Fungi are heterotrophic, that is require an organic source 
of carbon. In addition, they require a source of nitrogen, 
usually organic such as amino acids; inorganic ions such as 
K+ and Mg?*; trace elements such as Fe, Zn and Cu; and 
organic growth factors such as vitamins. The exact range of 
nutrients required, and hence substrates on which they are 
found, is variable. Some fungi, particularly obligate 
parasites, require a wide range of ready-made components; 
others can synthesise their own requirements given only a 
source of carbohydrate and mineral salts. Some may 
synthesise most of their requirements but need one or more 
particular amino acids or vitamins. The nutrition of fungi 
can be described as absorptive because they absorb 
nutrients directly from outside their bodies. This is in 
contrast to animals, which normally ingest food, and then 
digest it within their bodies before absorption takes place. 
With fungi, digestion, if necessary, is external using 
extracellular enzymes. 

Fungi obtain their nutrients as saprophytes, parasites or 
symbionts. In this respect they are like most bacteria and 
the three terms have already been defined in section 2.2.5. 


Saprophytes. Fungal saprophytes produce a 
variety of digestive enzymes. If they secrete the three main 
classes of digestive enzymes, namely carbohydrases, 
lipases and proteases, they can utilise a wide range of 
substrates and are described as ubiquitous, for example the 
Penicillium species which form green and blue moulds on 
substrates such as soil, damp leather, bread and decaying 
fruit. 

The hyphae of saprophytic fungi are usually chemotro- 
pic, that is they grow towards certain substrates in response 
to chemicals diffusing from these substrates (section 
15.1.1). 

Fungal saprophytes usually produce large numbers of 
light, resistant spores. This allows efficient dispersal to 
other food sources. Examples are Mucor, Penicillium and 
Agaricus. 

Saprophytic fungi and bacteria together form the 
decomposers which are essential in the recycling of 
nutrients. Especially important are the few that secrete the 
enzyme cellulase, which breaks down cellulose. Cellulose 
is an important structural component of plant cell walls, 
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and the rotting of wood and other plant remains is achieved 
partly by decomposers secreting cellulase. 

Some fungal saprophytes are of economic importance, 
such as Saccharomyces (yeast) and Penicillium (section 
3.1.6). 


Parasites. Fungal parasites may be faculta 
tive or obligate (section 2.2.5), and more commonly attack 
plants than animals. Obligate parasites do not normally kil 
their hosts, whereas facultative parasites frequently do 
and live saprophytically off the dead remains. Obligate 
parasites include the powdery mildews, downy mildews 
rusts and smuts, and are usually restricted to a narro 
range of hosts from which they require a specific range « 
nutrients. Facultative parasites are usually less specialise: 
and may grow on a variety of hosts or substrates. Some 
however, such as Phytophthora infestans (potato blight 
are restricted in their range of hosts. 

If the host is a plant, hyphae penetrate through stomata 
directly through the cuticle and epidermis, or throug! 
wounds. Once inside the plant, hyphae normally rami! 
between cells, sometimes producing pectinases whi: 
digest a path through the middle lamellae. The fungus ma 
be systemic, that is spread throughout the host, or it may b 
confined to a small part of the host. 

Facultative parasites commonly produce sufficient pect 
nases to cause ‘soft rot’ of the tissue, reducing it to a mush 
Subsequently cells may be invaded and killed with the ai 
of cellulase which digests the cell walls. Cell constituent 
may be absorbed directly or digested by secretion of furthe 
fungal enzymes. Obligate parasites Possess specialised 
penetration and absorption devices called haustoria. Eac! 
haustorium is a modified hyphal outgrowth with a large 
surface area which pushes into living cells without breaking 
their plasma membranes, and without killing them (fig 
3.3). The success of the parasite depends on the continued 
life of its host. Haustoria are rarely produced by facultative 
parasites. 

The life cycles of parasitic fungi are sometimes complex 
This is particularly true of obligate parasites, such as rust 
fungi, whose life cycles involve several stages and more 
than one host. Obligate parasites usually produce resistant 
spores by sexual reproduction to coincide with the deaths 
of their hosts. In this way they may overwinter. Some of 
these features of parasites are illustrated by Phytophthora 
infestans, described in the next section. 


- _ Symbiosis. Two important types of sym- 
biotic union are made by fungi, namely lichens and 
mycorrhizae. Lichens are symbiotic associations between 
fungi and algae. The fungus is an ascomycote or basidiomy- 
cote, while the alga is a green or blue-green alga. Lichens 
are commonly encrusted on exposed rocks and trunks of 
trees; they also hang from trees in wet forests. It is believed 
that the alga contributes organic food from photosynthesis. 
while the fungus is able to absorb water and mineral salts. 
The fungus can also conserve water, enabling some lichens 
to grow in dry conditions where no other plants exist. 


The body of the lichen is small and resembles neither 
partner, the union being so intimate. It is also very slow 
growing and sensitive to pollution, particularly sulphur 
dioxide gas which is a common product of industry. Lichens 
therefore provide useful pollution monitors, their numbers 
and variety increasing as distance from pollution centres 
increases. 

Mycorrhizae are symbiotic associations between fungi 
and plant roots. It is likely that most land plants enter into 
this kind of relationship with soil fungi. The fungus may 
form a sheath around the centre of the root (an ectotrophic 
mycorrhiza) or may penetrate the host tissue (an endo- 
trophic mycorrhiza). The former are found mainly in forest 
trees such as conifers, beech and oak, and involve fungi of 
the division Basidiomycota. Their ‘fruiting bodies’ 
(mushrooms) are commonly seen near the trees. The 
fungus receives carbohydrates and vitamins from the tree, 
and in return breaks down proteins of the soil humus to 
amino acids, some of which can be absorbed and utilised by 
the plant. In addition, the fungus provides a greater surface 


Sp 
hypha of fungus, 


intact 
plasma 
membrane 


host cell 


Fig 3.3 Electron micrograph of Albugo candida infecting 
Cardamine hirsuta. This is an obligate parasite causing white 
blister rusts of many crop and ornamental plants. Like 
Phytophthora, it is a member of the division Oomycota 

(x 16 575) 


area for absorption, and is particularly important in poor, 
nitrogen-deficient soils. 

Endotrophic mycorrhizae occur in a greater variety of 
plants, but less is known about their role in symbiosis. 


3.1.2 Division Oomycota 


Characteristics of the Oomycota are given in 
table 3.2. In the division are a number of pathogenic fungi, 
including the downy mildews. One of these, Phytophthora 
infestans, will be studied as an example of a parasite. 

Phytophthora infestans is a pathogen of economic 
importance because it parasitises potato crops, causing a 
potentially devastating disease known as potato blight. It is 
similar in its structure and mode of attack to another 
member of the Oomycota, Peronospora, which is a 
common, but less serious, disease of wall-flower, cabbage 
and other members of the plant family Cruciferae. 

Blight is usually first noticed in the leaves in August, 
though infection normally starts in spring when the fungus 
grows up to the leaves from the tubers in which the 
mycelium has over-wintered. 

A mycelium of branched, aseptate hyphae ramifies 
through the intercellular spaces of the leaves, giving off 
branched haustoria which push into the mesophyll cells and 
absorb nutrients from them (figs 3.3 and 3.4). In warm, 
humid conditions the mycelium produces long, slender 
structures called sporangiophores which emerge from the 
lower surface of the leaf through stomata or wounds. These 
branch and give rise to sporangia (fig 3.4). In warm 
conditions sporangia may behave as spores, being blown or 
splashed by raindrops on to other plants, where further 
infection takes place. A hypha emerges from the sporan- 
gium and penetrates the plant via a stoma, lenticel or 
wound. In cool conditions, the sporangium contents may 
divide to form motile zoospores (a primitive feature) 
which, when released, swim in surface films of moisture. 
They may encyst until conditions are suitable once more for 
hyphal growth, then produce new infections. 
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Fig 3.4 Phytophthora infestans growing in a diseased potato 
pe: with sporangiophores emerging from the underside of the 
lea 
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Diseased plants show individual leaflets with small, 
brown, dead, ‘blighted’ areas. Inspection of the lower 
surface of an infected leaflet reveals a fringe of white 
sporangiophores around the dead area. In warm, humid 
conditions, the dead area spreads rapidly through the 
whole leaf and into the stem. Some sporangia may fall to 
the ground and infect potato tubers where infection 
spreads very rapidly causing a form of dry rot in which the 
tissues are discoloured a rusty brown in an irregular 
manner from the skin to the centre of the tuber. 

First the base and then the rest of the plant becomes a 
putrid mass as the dead areas become secondarily infected 
with decomposing bacteria (saprophytes). Phytophthora 
thus kills the whole plant, unlike its close relative 
Peronospora which is an obligate parasite. In this respect, 
Phytophthora is not a typical obligate parasite and it is 
sometimes described as facultative, though the distinction 
is perhaps not worth stressing here. 

The fungus normally overwinters as a dormant mycelium 
within lightly infected potato tubers. Except where the 
potato is native (Mexico, Central and South America) it is 
thought that the fungus rarely reproduces sexually, unlike 
Peronospora, but under laboratory conditions it can be 
induced to do so. Like Peronospora, it produces a resistant 
resting spore. It is the result of fusion between an 
antheridium and an oogonium, and a thick-walled oospore 
is produced. This can remain dormant in the soil over 
winter and cause infection in the following year. 

In the past, PAytophthora epidemics have had serious 
consequences. The disease is thought to have been 
accidentally introduced into Europe from America in the 
late 1830s and caused a series of epidemics that totally 
destroyed the potato crop in Ireland in 1845 and in 
subsequent years. Widespread famine resulted and many 
starved to death, victims as much of complex economic and 
political influences as of the disease. Many Irish families 
emigrated to North America as a result. 

The disease is also of interest because in 1845 Berkeley 
provided the first clear demonstration that micro- 
organisms cause disease by showing that the fungus 
associated with potato blight caused the disease, rather 
than being a by-product of decay. 

Knowledge of the life cycle of potato blight has since led 
to methods of controlling the disease. These are summa- 
rised below. 

(1) Care must be taken to ensure that no infected tubers 
are planted. 

(2) New plantings must not be made in soil known to have 
carried the disease a year previously, since the fungus 
can survive up to one year in the soil. Crop rotation 
may therefore help. 

(3) All diseased parts of infected plants should be 
destroyed before lifting tubers, for example by burning 
or spraying with a corrosive solution such as sulphuric 
acid. This is because tubers can be infected from 
decaying haulms (stems) and aerial parts. 

(4) Since the fungus can overwinter in unlifted tubers, care 
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must be taken to ensure that all tubers are lifted in an 
infected field. 

(5) The fungus can be attacked with copper-containing 
fungicides, such as Bordeaux mixture. Spraying must 
be carried out at the correct time to prevent an 
attack, since infected plants cannot be saved. It is 
usual to spray at fortnightly intervals, from the tims 
that the plants are a few centimetres high until they 
are well matured. Tubers intended as seed potatoc 
can be sterilised externally by immersion in a dilut 
mercury(II) chloride solution. 

(6) Accurate monitoring of meteorological condition 
coupled with an early warning system for farmers, ca 
help to decide when spraying should be carried out 

(7) Breeding for resistance to the blight has been carrie: 
out for some years. The wild potato, Solanu 
demissum, is known to show high resistance and h 
been used in breeding experiments. One great obstru 
tion to producing the required immunity lies in the fa: 
that the fungus exists in many strains and no potato h 
been found to be resistant to all of them. New strains « 
fungi may appear as new strains of potato ar 
introduced. This is a familiar problem in pla: 
pathology and emphasises the need for conservation o 
the wild ancestors of our modern crop plants as source 
of genes for disease resistance. 


3.1.3 Division Zygomycota 


Characteristics of the Zygomycota are given i: 
table 3.2. Like the Oomycota they are a small group o 
fungi which are regarded as more primitive than the tw 
main divisions, Ascomycota and Basidiomycota. 

An example, Rhizopus, is a very common saprophyte 
similar in structure and appearance to Mucor, but mor: 
widespread. Both Rhizopus and Mucor are called pir 
moulds for the reason given below (in asexual reproduc 
tion). Rhizopus stolonifer is a common species, and is the 
common bread mould. It may also grow on apples and 
other fruit in storage, causing soft rot. 


Structure 


The structure of the mycelium and individual hyphae is 
shown in fig 3.5. The mycelium is profusely branching and 
aseptate. Unlike Mucor, the mycelium develops aerial 
stolons which arch above the medium and produce hyphae 
called rhizoids where they touch down. From these points 
sporangiophores develop. 


Life cycle 


The life cycle of Rhizopus Stolonifer is summarised 
diagrammatically in fig 3.6. 


Asexual reproduction 


After two or three days in culture, Rhizopus begins to 
produce vertically growing hyphae called sporangiophores 
Cphore, stalk). These are negatively geotropic. Each 
sporangiophore tip swells into a sporangium which 


Fig 3.5 (a) A scanning electron micrograph of part of the 
mycelium of Mucor hiemalis showing sporangia (x 85). 

(b) Mycelium of Rhizopus stolonifer as seen with low power 
of light microscope. (c) LS hypha as seen with high power of 
light microscope. The cytoplasm has a granular appearance 
and it is difficult to distinguish between mitochondria, vesicles, 
storage granules etc. (d) LS hypha showing fine structure 
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Fig 3.6 Diagrammatic life cycle of Rhizopus stolonifer 


becomes separated from the sporangiophore by a domed 
cross-wall called the columella, as shown in fig 3.7. Inside 
the sporangium the protoplasm splits up into portions, each 
of which acquires a wall and becomes a spore containing 
several nuclei. The appearance of the sporangiophores and 
sporangia resembles a collection of pins; hence Rhizopus 
and the other closely related fungi such as Mucor are called 
pin moulds. As the sporangium matures it becomes black 
and dries, the wall eventually cracking unevenly to expose 
a dry, powdery mass of spores. The columella collapses, as 
shown in fig 3.7, providing a wide platform from which 
spores are easily blown away and dispersed. Under wet 
conditions, the sporangia would not dry and crack, thus 
preventing release of spores when conditions are un- 
favourable for dispersal. The haploid spores germinate if 
they land on a suitable substrate and produce a new 
mycelium. 


3.2 What is the 
giophores? 


purpose of the sporan- 


Sexual reproduction 


Many fungi exist in two different mating strains. Sexual 
reproduction can only occur between different strains, 
even if both produce male and female sex organs. Such 
self-sterile fungi are called heterothallic and the two strains 
are usually designated plus and minus (not male and 
female). They are structurally identical but physiologically 
slightly different. Fungi in which there is only one strain, 
and which are therefore self-fertile, are called homothallic. 
The advantage of heterothallism is that cross-fertilisation 
occurs and greater variation is ensured. 

Rhizopus stolonifer is heterothallic. The events of sexual 
reproduction are summarised in fig 3.8. The initial events 
are caused by diffusion of hormones between the strains. 
The hormones stimulate growth of long hyphae between 
the colonies. These probably release volatile chemical 
signals which attract the Opposite strain, a form of 
chemotropism. 
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Fig 3.7 Asexual reproduction in Rhizopus stolonifer, showin 
LS ripe and dehisced sporangia 


rhizoid 


There are no typical gametes, and fertilisation i 
process of nuclei fusing in pairs as described in fig 3.8. Sin 
the gametangia are of equal size, the process of sexu 
reproduction is described as isogamy. 

The product of nuclear fusion is a zygospore containin 
many diploid nuclei. It is thought that all of the 
degenerate except for one. This divides by meiosis to form 
four haploid nuclei only one of which survives. Itis a matt 
of chance whether this is of a plus or minus strain. 

The zygospore, unlike the asexually produced spores, is 
not specialised for dispersal but rather for a period o! 
dormancy, since it has food reserves and a thick protectiy 
wall. Dispersal is achieved immediately after germination 
when asexual reproduction occurs by production of 
Sporangium as shown in fig 3.8. Within the germinatiny 
Structure, the remaining haploid nucleus divides by mitosis 
and repeated divisions form many haploid nuclei, each o! 
which can form the nucleus of a spore in the sporangium 
Thus all the spores are of the same strain. Fig 3.6 gives a 
non-pictorial summary of sexual reproduction. 


3.1.4 Division Ascomycota 


Characteristics of the Ascomycota are given in 
table 3.2. They are the largest group of fungi and are 
relatively advanced, showing more complexity than the 
Zygomycota, especially in their sexual structures. They 
include the yeasts, some common moulds, powdery 
mildews, cup fungi, morels and truffles. i 

Penicillium is a widespread saprophyte, forming blue, 
green and sometimes yellow moulds on a variety of 
substrates. It reproduces asexually by means of conidia. 
Conidia are spores formed at the tips of special hyphae 
called conidiophores. They are not enclosed in a sporan- 


| gium, but are naked and free to be dispersed as soon as they 
mature. The structure of Penicillium is shown in fig 3.9a. Its 
mycelium forms a circular colony of small diameter and its 
spores give colour to the colony so that the young outer 
edge of the mycelium is usually white, whereas the more 
mature central portion, where spores have developed, 
appears coloured. The economic importance of Penicillium 
species is discussed in section 3.1.6. 


Aspergillus generally grows on the same substrates as 
Penicillium and resembles it closely. It forms black, brown, 


+ 


mycelium 


yellow and green moulds. Fig 3.95 shows an asexually 
reproducing mycelium for comparison with Penicillium. 


3.1.5 Division Basidiomycota 


Characteristics of the Basidiomycota are given 
in table 3.2. They are almost as large a group as the 
Ascomycota, together with which they form the ‘higher’ 
fungi, that is the most advanced fungi. Their large ‘fruiting 
bodies’ make them some of the most conspicuous fungi, 
including those commonly known as mushrooms or 
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Fig 3.8 Sexual reproduction in Rhizopus stolonifer, + and — represent opposite mating strains, (1) to (8) sequence of events 
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(a) conidia in a chain 


sterigma buds off 
conidia at its tip 


Imm 


conidiophore ___|. 


H 


=== 


septate, branching mycelium 


Fig 3.9 Two common members of the Ascomycota showing 
asexual reproduction. (a) Penicillium, with a brush-like 
arrangement of conidia. (b) Aspergillus, with a spherical mass 
of conidia. (c) Scanning electron micrograph (SEM) of 
conidiophore of Aspergillus niger (x 1 372) 


toadstools,* puffballs, stinkhorns and bracket fungi. The 
group also contains important obligate parasites, namely 
the smuts and rusts. 

Agaricus (Psalliota) belongs to the group of gill-bearing 
toadstools. The toadstool, or mushroom, is a short-lived 
‘fruiting body’. The mycelium grows saprophytically on 
organic matter in the soil and may live for a number of 
years. It forms thick strands called rhizomorphs in which 
the hyphae are compacted to form tissues. Rhizomorphs 
can resist adverse conditions, becoming dormant until 


* Mushrooms and toadstools are really synonymous terms, although 


edible species are sometimes called mushrooms and poisonous species 
toadstools. 
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conidia 


(b) 


sterigma 


conidiop 


septate 
mycelit 


conidiophore 


favourable conditions return. They grow from the tips and 
are responsible for vegetative spread of the fungus. The 
external features of Agaricus are shown in fig 3.10, together 
with the structure of the gills. 

The ‘fruiting body’, or Sporophore, appears above 
ground in the autumn in temperate regions and is made 
entirely from hyphae which compact to form tissues. The 
edges of the gills are made of basidia, which produce spores 
(basidiospores). The gills exhibit positive geotropism so 
hang down vertically. The spores, which are produced in 
large numbers (about half a million per minute from a large 
mushroom), are forcibly ejected from the basidia and drop 
down between the gills to be carried away by air currents. 


hing 
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remains of velum (veil). 


pileus (cap) 


gills covered with dark 
purple spores when mature 


remains of velum (veil or 


annulus) 
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2mm section shown —— 
opposite 10 pm 
| i 
1 - 1 5 
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vertically running; horizontally | basidia 
hyphae ! running hyphae | 
' ! 
1 ' 
Fig 3.10 Structure of Agaricus campestris, the field 3.1.6 Economic importance of Fungi 


mushroom. Agaricus bisporus, the cultivated mushroom, is 
very similar but the basidia bear two, not four, spores. 

(a) Entire sporophores with mycelium. (b) VS sporophores. 
(c) Part of VS pileus from X to Y 


Fungi beneficial to Man 


Fungi and soil fertility. Saprophytic fungi 
play a vital role in recycling nutrients because, together 
with saprophytic bacteria, they are decomposers, bringing 
about decay of organic matter (fig 9.31 and section 2.3.1). 


Sewage disposal (also section 2.3.2). 
Saprophytic fungi, together with protozoans and saprophy- 
tic bacteria, are part of the jelly-like film of living organisms 
covering the stones of ‘filter beds’ at sewage works. 
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Fermentation industries (see also section 
2.3.4). The oldest fermentation industry is that of brew- 
ing. Beer is brewed from barley which has been partially 
germinated to convert its starch store to the sugar maltose. 
Gibberellins (section 15.2.6) are used to speed up this 
process and to control it precisely. The subsequent 
fermentation is carried out in a large vat and is brought 
about by the unicellular fungus yeast Saccharomyces (for 
instance S.cerevisiae, S.carlsbergensis). During this process 
sugar is converted to carbon dioxide and alcohol which 
reaches a final concentration of 4-896. Hops are added at 
an earlier stage for their flavour and anti-microbial 
properties. 

Wine manufacture depends on the fermentation of grape 
juice by wild yeasts present on the skin of grapes. The final 
concentration of alcohol is 8-1596, high enough to kill the 
yeasts, and the wine is often left to mature over a number of 
years. Some unconverted sugar may remain. 

Other common drinks prepared by fermentation are 
cider from apple juice and the Japanese saké made from 
rice. 

Industrial alcohol can be prepared from carbohydrate- 
containing waste substances such as molasses. 

Another important fermentation industry which utilises 
yeast is baking. Strains of S.cerevisiae selected for their 
high production of carbon dioxide, the raising agent, are 
used by bakeries. The alcohol produced at the same time is 
driven off as a vapour by the heat of baking. A 
fermentation product still obtained commercially from 
fungi is citric acid (2-hydroxypropane, 1, 2, 3, tricarboxylic 
acid), produced by Aspergillus niger, and used in the food 
and pharmaceutical industries. 

Cheese manufacture usually depends on the combined 
activities of bacteria and fungi (section 2.3.4). Some 
famous cheeses are ripened with Penicillium species, such 
as roquefort (P.roqueforti), camembert (P.camemberti), 
Danish blue and Italian gorgonzola. 


Antibiotics (see also section 2.3.5). The first 
antibiotic to be exploited was penicillin, which is produced 
by several Penicillium species, notably P.notatum and 
P.chrysogenum, the latter being the current commercial 
source. The impact of its introduction during the 1940s was 
enormous because it was active against all staphylococcal 
infections, a wide range of Gram Positive bacteria, and yet 
virtually non-toxic to the patient. It is still the most 
important antibiotic, and new synthetic derivatives of it are 
continually being introduced to improve its effectiveness, 
the starting material still being penicillin prepared from 
large-scale culture of the fungus. The mode of action of 
penicillin is discussed in section 2.2.2. 

Griseofulvin is another antibiotic obtained from Penicil- 
lium species (particularly P. griseofulvum). It has antifun- 
gal properties and is especially effective against athlete’s 
foot and ringworm when taken orally. Fumagillin, is a 
particular type of antibiotic obtained from Aspergillus 
fumigatus. It is frequently used against amoebic dysentery. 
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Genetics. Certain fungi are particularly | 


suitable for use in the study of genetics, such as Neurospora 
(section 22.5.1). Yeasts may be used in the future for 
genetic engineering. 


New food sources. Single cell protein as a 
new food source has been discussed in section 2.3.6. An 
example is the continuous culture of the yeast Candida on 
hydrocarbons from petroleum which was started by Britis! 
Petroleum at Grangemouth in Scotland in 1971. It wa: 
producing 4 000 tonnes of protein concentrate per year fo: 
use as animal feed by the mid-1970s. 


Fungi harmful to Man 


Deterioration of food and materials. Sinc: 
saprophytic fungi attack and decompose organic materia! 
they can present many problems to Man despite their vita 
role in the biosphere. Foods such as grains and fruit whic! 
are stored in large quantities must be protected, and foo. 
spoilage generally is a constant problem. Natural fabrics 
leather and other consumer goods manufactured from rav. 
materials are also subject to attack. For example, fung 
which live on cellulose cause rots in damp timber and ir 
fabrics. Much money is spent on preservation of all thes: 
materials. 


Fungi as agents of disease (see section 2. 
for bacteria and viruses). Fungi more commonly infect 
plants than animals, whereas the reverse is true of bacteria 
Some important and familiar diseases are shown in tabl 
3.3. The best-known obligate parasites, namely mildews 
rusts and smuts are included in the table. Although obligate 
parasites do not kill their hosts, they cause yield losses and 
make them more vulnerable to other diseases and adverse 
conditions. They are of great economic importance when 
they attack crop plants. For example, powdery mildews can 
cause total yield losses of up to 10% in cereals such as 
barley. A large industry has grown up to produce 
fungicides which can be used to protect crops. 

Parts of plants infected include underground organs, as 
in wart disease of potatoes; leaves by rusts, powdery 
mildews, downy mildews and black spot; flowers, by smuts 
and ergot; ripe fruit by soft rots and moulds. 


3.1.7 Practical work 


The methods for handling fungi are in many 
cases the same as those for bacteria. being standard 
microbiological techniques. Many saprophytic fungi, like 
bacteria, can be cultured on nutrient agar and, if pure 
cultures are required, the sterile techniques described in 
section 2.7.2 should be used. Common fungi suitable for 
culture in this way are Mucor, Rhizopus, Penicillium and 
Aspergillus, and a suitable culture medium is a 2% malt 
agar prepared in petri dishes. Selected fungi can be isolated 
from mixed cultures grown by chance contamination of 
substrates such as bread, fruit, and other moist foods. 
Spores can be transferred and added to the culture medium 


| 
l 
| 


Table 3.3 Some common fungal diseases. 


Division Disease Host Fungus Notes 

Oomycota Potato blight Potato Phytophthora infestans Caused Irish potato famine of . 
1845, with many people 
emigrating to America as a 
result. 

Downy mildews Vine Plasmopara viticola One of the most destructive 
diseases of vineyards. Acci- 
dentally introduced into Europe 
from America in nineteenth 
century. 

Onion, tobacco, cabbage, Peronospora spp. Not normally serious diseases. 
wallflower 

(Water-)mould Fish and fish eggs Saprolegnia spp. Many do significant damage in 
fish hatcheries. 

Zygomycota Soft rot Apples and other fruit in Rhizopus stolonifer Not normally a serious disease. 
storage Other fungi cause more serious 
soft rots. 
= X 
Ascomycota Powdery Hop, cereals, apple, rose Erysiphe and other genera Serious obligate parasites. 
mildews and others E. graminis attacks cereals Economically important, 


Dutch elm 
disease 


Brown rot 


Apple scab 


Ergot 


Black spot 


Aspergillosis 
(farmer’s lung) 


Elm 


Stone fruits, e.g. peach, 
plum 


Apple 


Rye 


Rose 
Man, birds 


Ceratocystis ulmi 


Monilinia fructigena 


Venturia inaequalis 


Claviceps purpurea 


Diplocarpon rosae 


Aspergillus fumigatus 


Basidiomycota 


Rusts 


Smuts 


Many, e.g. bean, cereals, 
coffee, carnation 


Many, e.g. onion, cereals 


Numerous, e.g. 

Puccinia graminis 

(black stem rust of wheat) 
Albugo (white blister rusts) 


Numerous, e.g. Ustilago 
avenae (loose smut of oats) 


Fungi 
Imperfecti 


Ringworm, 
Athlete's foot 


Vascular wilt 


Man 


Potato, flax, tomato, 
banana 


Trichophyton spp. and 
others 


Fusarium spp. 


particularly with cereals. 


Has devastated elms in many 
parts of the world, including 
America, Britain and the rest of 
Europe. 


Serious disease worldwide. 


One of the most important 
parasites of apples. Infects leaves, 
twigs, young fruit, weakening host 
and reducing fruit quality. 


Produces sclerotia* known as 
ergots in place of host ovaries. 
Ergots contain alkaloids related 
to the hallucinogen LSD which 
can be fatal if eaten. 


Common infection of roses. 


Disease of the lungs similar to 
tuberculosis. Rare in Man. Some- 
times associated with mouldy hay. 


Economically important. 
Patches of spores formed at 
surface, often rust-coloured. 


Produce black, sooty masses of 
spores. Economically important, 
mainly in cereals, Grain itself may 
be infected, making it useless. 


Ringworm more common in child- 
ren, athlete's foot in adults. 
Skin infections. 


Infects vascular (conducting) 
tissue, causing wilting. 


* sclerotia (sing. sclerotium) — hard-walled, resistant. resting body produced by some fungi, often as a means of overwintering. 
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by a sterile mounted needle. Cultures can be conveniently 
examined with low power stereoscopic microscopes. 


Kingdom Plantae 


Plants are defined as autotrophic eukaryotes at the 
beginning of this chapter. This definition excludes fungi 
since they are heterotrophic. If fungi are included in the 
plant kingdom, it is usual to refer to other plants as *green 
plants', indicating the fact that they, unlike fungi, contain 
chlorophyll. For the purposes of this book, fungi have been 
classified as a separate kingdom, and in the rest of this 
chapter ‘plants’ will be taken as meaning ‘green plants’, 
that is autotrophic eukaryotes. 

The International Code of Botanical Nomenclature 
recommends that each major group of the plant kingdom 
should be called a division, rather than a phylum as in the 
animal kingdom. Strictly speaking the terms phylum and 
division are not equivalent, but for the sake of simplicity it 
might be preferred to use phylum rather than division. 


3.2 
3.2.1 


Algae 


Characteristics and classification of 
algae 


The algae are an enormous group of plants of 
great biological importance and significance to Man 
(section 3.2.8). They are the most primitive plants, their 
bodies lacking true stems, roots and leaves. Originally 
therefore they were classified with fungi in the division 
Thallophyta (see footnote page 30). However, as more 
has been discovered about the group it has become obvious 
that there is at least as much variety among the algae as 
there is among all other plant groups combined, and there 
are few features that they all have in common. They are 
best thought of as oxygen-producing photosynthetic organ- 
isms that evolved in, and have exploited, an aquatic 
environment. It is true that some have escaped on to the 
land, but the worldwide productivity of these coastal and 
land forms is insignificant compared with those in the 
oceans and fresh water. If algae are thought of in this way, 
the blue-green algae (Cyanophyta) have to be included in 
the group. Since these are prokaryotes, it has been 
suggested that they are called blue-green bacteria (Cyano- 
bacteria) to distinguish them from the eukaryotic algae. 
There remains the important point, however, that blue- 
green algae produce oxygen in photosynthesis, whilst other 
photosynthetic prokaryotes do not. This requires the 
presence of chlorophyll and photosystem II (section 9.4.2) 
so that water can be split into hydrogen and oxygen, an 
important advance over photosynthetic bacteria. Little is 
known about how this advance was achieved, though some 
types intermediate between blue-green algae and bacteria 

are being discovered. Our understanding of the link 
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between blue-green algae and other plants, including other 
algae, is improved by the evidence of the endosymbiont 
theory which suggests that chloroplasts originated as 
blue-green algae (section 9.3.1). 

To summarise, the term alga is a useful concept, but its 
use in classification presents problems. The blue-green 
algae should be classified as prokaryotes and the remainine 
algae as eukaryotes. 

Fortunately, the eukaryotic algae seem to fall natural! 
into distinct groups, chiefly on the basis of their phot 
synthetic pigments. These groups are given the status ci 
divisions in modern classifications. The relationship bc 
tween the divisions is still the subject of research which | 
fundamental to our knowledge of the origins of high: 
plants and the link between prokaryotes and eukaryotes 

The divisions are shown in fig 3.11 and a current view « 
their relationships in fig 3.12. Characteristics of the alga 
and some of the main divisions are shown in table 3.4 


3.2.2 Asexual reproduction in the algae 


Algae show both asexual and sexual reproduc 
tion. Below is a summary of the asexual types found, whic! 
range from simple to complex. 


Vegetative reproduction. In some colonia 
forms, the colonies fragment to produce separate, smaller 
colonies. In the larger, thalloid algae, such as Fucus, new 
thalli may develop from the main thallus and break off 


Fragmentation. This occurs in filamentou 
algae, such as blue-green algae and Spirogyra. The filamen: 
breaks in a controlled manner somewhere along its length 
to form two filaments and could be regarded as a form of 
vegetative reproduction. 


Binary fission. In this process a unicellular 
organism divides into two equal halves, the nucleus 
dividing by mitosis. Euglena has longitudinal binary fission. 


Zoospores. These are motile, flagellate 
spores produced by many algae, for example Chlamydo- 
monas, and a few fungi (see Oomycota, table 3.2). 


Aplanospores. These are non-motile spores 
produced, for example, by some brown algae. 


3.2.3 Sexual reproduction in the algae 


Sexual reproduction involves the combination 
of genetic material from two individuals of the same 
species. The commonest method in the algae is by fusion of 
two morphologically (structurally) identical gametes. The 
process is called isogamy, and the Bametes isogametes. 
Spirogyra and some species of Chlamydomonas are 
isogamous. 

Sometimes, one of the Bametes is less motile, or larger. 
and the process is then called anisogamy. In Spirogyra the 
gametes are structurally identical, but one moves while the 
other is stationary. This could be regarded as physiological 
anisogamy. A third variation occurs when one gamete is 


Plant kingdom 


"Algae 
Division: Rhodophyta Chrysophyta Xanthophyta Bacillariophyta Dinophyta Phacophyta Chlorophyta Euglenophyta 
(red algae) (golden (yellow-green (diatoms) (dinoflagellates (brown (green (cuglenoids) 
algae) algae) and algae) algae) 
cryptomonads) 
Fig 3.11 The divisions of eukaryotic algae 
higher plants: 
green, with chlorophyll a and ^ 
Euglenophyta: 
[oe green, with chlorophyll 4, 
no starch, pellicle present, 
some animal features 
. l 
Chlorophyta: | all other eukaryotic algae: 
green, with chlorophyll ^ i chlorophyll c present 
I Rhodophyta: no flagella, contain phycobilins 
l and sometimes chlorophyll d, starch 
, ~ NE in cytoplasm not in 

Algae — all contain flagellates chloroplasts 

chlorophyll a, as 

do higher plants 

| m 
first plants 
blue-green algae: 
$< contain phycobilins 4 


bacteria 


eukaryote ancestor 


Fig 3.12 Possible relationships between different groups of algae, bacteria and higher plants. For further discussion, see 
B. S. Rushton, School Science Review, 62 no. 221, 648-54, June 1981, who proposes three subkingdoms according to the 
presence of chlorophyll d (with phycobilins), chlorophyll c or chlorophyll b. The latter would include the Chlorophyta and all 


higher plants 


large and stationary while the other is small and motile. 
The gametes are known as female and male respectively 
and the process is called oogamy. Fucus and some species of 
Chlamydomonas are oogamous. The female gamete is 
larger because it contains food reserves for the developing 
zygote after fertilisation. 

The three types of sexual reproduction are associated 


with an increase in complexity of body structure because, 
although some simple algae such as Chlamydomonas show 
oogamy, it is more widespread in the complex algae, such 
as the Phaeophyta. Oogamy is the only type occurring in 
plants more advanced than the algae. 

Unfortunately, a confusing variety of terms is associated 
with gametes and organs of sexual reproduction in plants 
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Table 3.4 Classification and characteristics of some of the main groups of algae. 


Algae 


General characteristics 

Body is a photosynthetic thallus 

Almost all are specialised for an aquatic existence 
Great range of size and form 


Division Chlorophyta ('green algae") 


Division Phaeophyta (*brown algae") 


Division Euglenophyta (‘euglenoids’) 


Dominant photosynthetic pigment is 
chlorophyll; therefore green in appear- 


ance. Chlorophylls a and b present phylls a and c present 


Store carbohydrate as starch 
(insoluble) 


Mostly freshwater 
genera only) 


Large range of types, e.g. unicellular, 
filamentous, colonial, thalloid 


e.g. Chlamydomonas, a unicellular, 
motile alga 


*Dominant photosynthetic pigment is 
brown and called fucoxanthin. Chloro- 


"Store carbohydrate as soluble laminarin 
and mannitol. Also store fat 


Nearly all marine (three freshwater 


Filamentous or thalloid, often large 


e.g. Fucus, a thalloid, marine alga 
Laminaria, large thalloid, marine 


Dominant photosynthetic pigment is chlo 
phyll; therefore green in appearance. 
Chlorophylls a and b present 


Store carbohydrate as paramylum (simil 
to starch) 


Mostly freshwater 
Unicellular and motile 


*Pellicle present instead of cellulose cell 
wall 


Eyespot and contractile vacuoles present 


e.g. Euglena 


alga; one of the kelps 


Spirogyra, a filamentous alga 
Ulva, a thalloid, marine alga 


* a diagnostic feature. 


especially algae. The main terms are explained below. 

The gametes of the fungi and lower plants (algae, 
bryophytes, and pteridophytes) are produced in structures 
called gametangia. The male gametangium is called an 
antheridium, and the female gametangium an oogonium or 
archegonium. 

An oogonium* is a simple female gametangium found in 
many algae and fungi, and the female gamete or gametes it 
contains are called oospheres. A fertilised oosphere is 
called an oospore and this typically develops into a 
thick-walled resting spore capable of surviving adverse 
conditions. A general term for a female gamete is an ovum 
or egg-cell, although the term oosphere is sometimes used 
more loosely to mean ovum. 

An archegonium is a more complex female gametan- 
gium, characteristic of bryophytes, pteridophytes and 
many gymnosperms, and is described later in the chapter. 

An antheridium produces male gametes called anther- 
ozoids or spermatozoids. They are motile because they 
possess one or many flagella. They are characteristic of the 
fungi, algae, bryophytes, pteridophytes and some gymno- 
sperms. Male gametes produced by animals are called 
spermatozoa (sperm or sperms). These terms are summa- 
rised in fig 3.13. 

For the purposes of this chapter there is little point in 

preserving the distinction between the different names for 


* The term oogonium also refers to a cell of an animal that divides to 
produce oocytes in the ovary (see chapter 20). 
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PLANTS 
gametangium (structure 
producing gametes) 


MALE 


FEMALE 


Types of antheridium 


gametangia 


archegonium 

more complex 
structure found in 
bryophytes, 
pteridophytes and 
many gymnosperms 


oogonium simple 
structure found in 
algae and fungi 


antherozoids 


oosphere(s) ova 
(spermatozoids) 


(egg cells, sometimes 
called oospheres) 


gametes 


zygote = oospore 


zygote 


Fig 3.13 Types of gametangia and gamet: i 
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nucleus - not 
normale re Fig 3.14 (a) Chlamydomonas as seen with the light 


as surrounded by ~ à 
chloroplast microscope (x 600). (b) Diagram of structure of 


pyrenoid - site of Chlamydomonas. (c) Electron micrograph of Chlamydomonas 
starch formation reinhardtii (x 1400) 

starch grains 

cell wall 


gametes of the same sex, so all male gametes will be 
referred to as sperm and all female gametes as ova. 

Like fungi, some algae show heterothallism (section 
3.1.3). 


3.2.4 Division Chiorophyta 


Characteristics of the Chlorophyta are 
summarised in table 3.4. 
Chlamydomonas is a unicellular motile alga living mainly 
in stagnant water, such as in ponds and ditches, particularly 
where it is rich in soluble nitrogenous compounds, as in 
farmyards. The cells often occur in numbers large enough 
to impart a green colour to the water. A few species are 
marine, or live in brackish coastal waters. 


Structure 
Chlamydomonas is unusual as a plant in being motile and in 
possessing contractile vacuoles, Its structure is illustrated 
in fig 3.14. The electron micrograph reveals the presence of 
typical eukaryotic organelles in the cytoplasm, such as 
Golgi apparatus, mitochondria, ribosomes and small 


a= haploid 


Fig 3.15 Diagrammatic lite cycle of Chiamydomonas 


vacuoles, The pyrenoid is a structure found in the 
bsec eos Paget It is a protein body and 
Lacan conii consists mainly of the carbon dioxide fixing 


enzyme ribulose bisphosphate carboxylase, It is associated 
with the storage of carbohydrates such as starch. The red 


Fig 3.16 Reproduction in Chiamydomonas. (a) Asexual reproduction. (b) Sexual reproduction in an isogamous species 
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the 
responds by moving towards, or staying in, light of 
optimum intensity for photosynthesis. Such a response to 
light is called phototaxis (section 15.1.2). The cell moves by 
beating its two flagella and has a corkscrew motion because 


(basal bodies) are involved in the formation of new flagella. 
The daughter cells, now called zoospores, are liberated by 
gelatinisation of the parent cell wall, Each grows to a 
full-sized Chlamydomonas cell. The process is illustrated in 


fig 3.162. 
Sexual reproduction 

Some Chlamydomonas species are homothallic and some 
are heterothallic, and different species may be isogamous, 
anisogamous or oogamous. of an isogamous 
species is illustrated in fig 3. 16b. At germination, the first 
division of the zygote nucleus is by meiosis, resulting in à 
return to the haploid condition of the adult. The young 
Chlamydomonas cells released may be called zoospores 
until they reach maturity. 

Spirogyra is a non-branching filamentous alga, living in 
ponds and other bodies of still, fresh water. The majority of 
species are floating and they are characteristically slimy. 


10 jm 


Structure 

The cylindrical walls are joined end to end to form a 
filament as shown in fig 3.17. Each cell is identical, so there 
is no division of labour. It has a narrow peripheral layer of 
cytoplasm and a large vacuole across which run strands of 
cytoplasm, The nucleus is suspended by these strands in a 
central position. The peripheral cytoplasm contains one or 
more chloroplasts that are spiral in form. 


Growth and reproduction 

Growth of the filament is intercalary, that is can occur by 
division and subsequent growth of any cell along the length 
of the filament, whereas in most plants primary growth is 
confined to apical . The nucleus of a given cell 
divides by mitosis, which is followed by division of the 
whole cell as a new cell wall grows from the edges of the 
filament inwards, The two daughter cells thus formed grow 
to normal size, causing the filament to grow in length. 

Asexual reproduction is by fragmentation, as mentioned 
earlier (section 3.2.1). 

Sexual reproduction is by a method confined to the 
filamentous algae in which two filaments line up alongside 
each other and adjacent cells become connected by short 
tubular outgrowths of the cells. The whole cell contents 
behave like gametes and the process can be regarded as 
anisogamous because, although the gametes are morpholo- 
gically identical, one is motile and crosses through the 
connecting tube to the other. The process is called 
conjugation. 


3.2.5 X Division Phaeophyta 


Characteristics of the Phacophyta are summa- 

rised in table 3.4. 
of the genus Fucus are common on rocky shores 
off the British coast. They are well adapted to the relatively 


Fig 3.17. Structure of Spirogyra. (a) Diagram of side view. (b) Diagram of TS cel in region of nucleus showing cylindrical 
nature of celis 
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X-Y see fig 3.19 
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orange in male plants 


Ne 
a 


dichotomous, 
branching 
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air bladders commonly in 
pairs; provide buoyancy 


adventitious branch may 
break off as form of 
vegetative reproduction 


p 


Size: variable, up to | m 


apical cell where 
division takes place 


fronds -fat and 
strap-like; resistance to 
waves minimised by 
branching pattern; borne 
near surface by bladders 
midrib- solid: mechanical for photosynthesis 
function and probably 
some translocation 


blade - flat and tough 

(leathery); olive-brown in 

colour due to 

photosynthetic layer next 

to surface; covered with 
cilage to prevent 

ation at low tide 


stipe- mainly midrib; 
resistant to buffeting 
because flexible 


midrib + blade = thallus 


holdfast -(hapteron) 
colourless; very strong 
attachment to rock etc. <$ 


holdfast 


or more 


harsh conditions of the littoral zone, the zone alternately 
exposed and covered by the tides, 

There are three common species and these are often 
found at three different levels, or zones, on the shore, a 
phenomenon called zonation. They are principally zoned 
according to their ability to withstand exposure to air. 
Their chief recognition features and positions on the shore 
are noted below. 

F.spiralis (flat wrack) — towards high tide mark. If 
suspended, the thallus adopts a slight spiral twist. 
F.serratus (common, serrated or saw wrack) — middle zone. 

Edge of the thallus is serrated. 

F.vesiculosus (bladder wrack) — towards low tide mark. 

Possesses air bladders for buoyancy. 

The external features of F. vesiculosus are shown in fig 
3.18 and some of the main features of internal structure in 
fig 3.19. 

The body, or thallus, shows some division of labour 
between different tissues. This trend is carried further in 
the Phaeophyta than in any other algal group. Adaptations 
to environment are discussed below. 


Reproductive structures 


Sexual reproduction is oogamous. F.vesiculosus and 
F.serratus are dioecious, that is they have separate male 
and female plants. F.spiralis is hermaphrodite, having male 
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Fig 3.18 External features of Fucus vesiculosus, with notes 
on structure, particularly adaptations to environment 


and female organs on the same plant and in the same 
conceptacles. The sex organs develop inside conceptacles 
on the ‘fertile’ tips of some fronds. Each conceptacle has a 
pore (ostiole) for later release of the sex organs. Their 
structures are shown in fig 3.19, 

The adult plant is diploid and the gametes are produced 
by meiosis. 


Adaptations to environment 


Before discussing the adaptations of Fucus to its environ- 
ment, some mention must be made of the nature of this 
environment, which is relatively hostile. Being intertidal, 
the different species are subjected to varying degrees of 
exposure to air when the tide recedes. Therefore they must 
be protected against drying out. Temperatures may change 
rapidly, as when a cold sea advances into a hot rock pool. 
Salinity is another factor to which the plant has adapted. 
and this may increase in an evaporating rock pool, or 
decrease during rain. The surge and tug of the tide, and the 
pounding of waves, are additional factors which demand 
mechanical strength if they are to be withstood. Large 


waves can pick up stones and cause great damage as they 
crash down. 


Morphological adaptations (overall 
structure) 


The thallus is firmly anchored by a holdfast (fig 3.18). This 
forms an intimate association with its substrate, usually 
rock, and is extremely difficult to dislodge. In fact, the rock 
often breaks before the holdfast. 

The thallus is dissected owing to its dichotomous 
branching in one plane, and this minimises resistance to 
water. It is also tough but non-rigid. The midrib of the 
thallus is strong and flexible. 

F.vesiculosus possesses air bladders for buoyancy, thus 
holding its fronds up near the surface for maximum 
interception of light for photosynthesis. 

Chloroplasts are mainly located in the surface layers for 
maximum exposure to light for photosynthesis. 


Physiological adaptations 


The dominant photosynthetic pigment is the brown 
pigment fucoxanthin. This is an adaptation to photosyn- 
thesising under water because fucoxanthin strongly 
absorbs blue light, which penetrates water much further 
than longer wavelengths such as red light. 

lhe thallus secretes large quantities of mucilage which 
‘ills spaces within the body and exudes on to its surface. 
(his helps to prevent desiccation by retaining water. 

The osmotic pressure of the cells is greater than that of 
ca water, so water is not lost by osmosis. 


Reproductive adaptations 


ase of gametes is synchronised with the tides. At low 
ide the thallus dries and squeezes the sex organs, which are 
^rotected by mucilage, out of the conceptacles. As the tide 

lvances, the walls of the sex organs dissolve and release 
he gametes. 


I 


(a) 


ostiole 


nucilage-filled cavity 


conceptaele (shown in— 
detail in 5) flask-like 


chamber 


tuft of paraphyses 


oogonium containing eight 
oospheres (ova) 


stalk cell 


sterile, multicellular, 
unbranching hair | 
(paraphysis) drawn in 


FEMALE 


The male gametes are motile and chemotactic, attracted 
by a chemical secretion of the female gametes. 

The zygote develops immediately after fertilisation, 
minimising the risk of being swept out to sea. 


3.2.6 Division Euglenophyta 


Characteristics of the Euglenophyta are 
summarised in table 3.4. The division shows a mixture of 
plant and animal features that makes these organisms 
difficult to classify. For this reason it is usually included in 
classification schemes by both botanists and zoologists. 
This problem is discussed after a description of the genus 
Euglena. 


Euglena is a common unicellular alga of freshwater 
ponds, ditches and any other water that is rich in soluble 
organic matter. Like Chlamydomonas it may be present in 
numbers sufficient to impart a green colour to the water, 
chlorophyll being the dominant pigment. Its structure is 
shown in fig 3.20, together with notes on some of its 
features. 

Euglena lacks a cell wall. The outer layer of the cell is the 
plasma membrane, immediately below which is the 
proteinaceous pellicle. This is flexible and permits the 
organism to assume various shapes. As the pellicle 
surrounds the cytoplasm, it can be regarded as a form of 
exoskeleton. It consists of a number of thickened longi- 
tudinal strips and microfibrils articulating with each other. 
When minute fibrils within the protoplasm, called 
myonemes, contract, they cause the strips of the pellicle to 
slide over one another and effect a change in body shape. 
This is called euglenoid movement. Details of its more usual 
method of locomotion by means of its long flagellum are 


ostiole (pore) 


__ photosynthetic layer 
(several cells thick) 
cells contain numerous 
chloroplasts 
cortex contains a few 
chloroplasts; storage 
tissue 


medulla loose filamentous 
strands 


branching, multicellular 
hair (one of many) 


antheridium containing 
many sperm (antherozoids) 


wall of conceptacle 


D eee 


I 
! MALE 
detail CONCEPTACLE ! CONCEPTACLE 


Fig 3.19 Reproductive organs of Fucus vesiculosus. (a) VS fertile tip (low power). (b) VS conceptacle (high power) 
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included in fig 3.20 (see eyespot, photoreceptor and long 
flagellum) and in section 17.6.3. 

Asexual reproduction is by longitudinal binary fission. 
No sexual reproduction occurs. 


Nutrition 


Green species of Euglena are autotrophic, synthesising 
their own food from carbon dioxide, water and mineral 
salts. However, they are dependent on an external supply 
of vitamins B, and B, which, like animals, they cannot 
synthesise for themselves. Although Euglena resembles 
animals in this respect, a large number of algae in other 
groups also share this inability. 

A few Euglena species lack chloroplasts and are 
therefore colourless and non-photosynthetic (hetero- 
trophic). They have a saprophytic mode of nutrition, 
carrying out extracellular digestion, and grow most 
abundantly where putrefaction is taking place since 
decaying material is rich in organic compounds. Other 
colourless forms may be capable of ingesting small food 
particles at the base of the gullet, where the pellicle is 
absent, and carrying out intracellular digestion (holozoic 
nutrition, section 10.1.1). Food may be driven into the 
gullet by the action of the flagella. These species resemble 
the protozoan Peranema (section 4.1.1). 


canal - site of food intake in. 


non-green species; pellicle 
absent allowing ingestion 


eyespot - (stigma) red colour; 


helps in phototactic response L5 
photoreceptor - detects light 
and enables organism to swim. 


light of optimum 
(phototaxis); 
shading by eyespot may 
influence direction 


long flagellum - used in. 
locomotion; normally projects 
forward; waves pass along the 
flagellum from base to tip, 
causing the flagellum to pull 
the cell through the water; as 
forward it rotates on 
nd traces a 
corkscrew path 


myoneme ___ 


4 


length 30-200 jim according to 
species 


Fig 3.20 Structure of Euglena gracilis 
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If green species of Euglena are kept in darkness for a 
prolonged period they lose their chloroplasts and become 
colourless. If the medium contains organic nutrients, they 
survive saprophytically. Chloroplasts return when the 
organisms are returned to light. 


Problems of classifying Euglena 


Euglena shows both plant and animal characteristics as th: 
description above and table 3.1 reveal. An animal feature 
not previously mentioned is the presence of an anima! 
pigment, astaxanthin, in the eyespot. 

The ease with which some euglenae can fluctua 
between green and colourless forms suggests that ih 
permanently colourless types may have evolved from th: 
green ones. If the colourless types were then able 
develop holozoic feeding devices, such as those shown | 
Peranema, it is possible that protozoans may have evolv« 
from plant-like ancestors. Remember though, that th 
process may have occurred in reverse, and that we ha« 
already discussed the possibility of plants evolving fro 
animal-like ancestors (heterotrophic eukaryotes) at th 
beginning of this chapter. 

In assessing whether or not Euglena should be placed 
the plant or animal kingdom, it should be remembered th 
Chlamydomonas shares some of its animal features an 


 —— —— —— — — —— reservoir 


contractile vacuole surrounded 
"P N accessory vacuoles; 
á osmoregulatory, pumping into 
the reservoir excess water 


that enters by osmosis 


short flagellum not involved 
in locomotion 


basal bodies 


o B nucleolus 


nucleus 
e paramylum granule carbohydrate 
(s | store; polymer-of glucose 
similar to starch 


pellicle inside plasma 
membrane; flexible 


pyrenoid 


chloroplasts contain 
photosynthetic pigments 


cytoplasm contains contractile 
fibres that cause a squirming 
movement called euglenoid 
movement 


that the latter is generally accepted as a plant. The main 
problem is the mode of nutrition. On balance, the modern 
view is probably to regard Euglena as a plant, mainly 
because of the uniqueness of chloroplasts to the plant 
kingdom. However, it serves to remind us of the difficulties 
of trying to impose man-made classifications on the natural 
world. 


Plant classification of Animal classification of 

Euglena Euglena 

Kingdom: Plantae Kingdom: Animalia 

Division: Euglenophyta Phylum: Protozoa 

Class: Euglenophyceae Class: (Flagellata) 
Mastigophora 

Genus: Euglena Genus: Euglena 


3.3 Construct a table of plant and animal 
characteristics exhibited by Euglena, using table 3.1, 
fig 3.20 and the information above. 


3.2.7 Trends in the algae 


Even among the few examples described, it 
in be seen that there is a wide range of algal types, ranging 
om unicellular organisms such as Chlamydomonas to 
elatively large seaweeds, such as Fucus, with differenti- 
ited bodies showing some division of labour. Some large 
rown algae even possess conducting tissues, although 
possess true vascular tissue (xylem and phloem). 

Within the algae there is also a trend in sexual 
reproduction from simple isogamy and anisogamy to 
oogamy. Caution has to be exercised in trying to use these 
rends to establish evolutionary relationships between algal 
:oups. The relationships are still not clear and the group 
from which land plants are thought to have evolved, the 
Chlorophyta (green algae), contains simple unicellular 
types as well as complex types, together with a range of 
sexual reproduction from isogamy to oogamy. 


3.2.8 Importance of the algae 


The role of algae in the biosphere 


Modern estimates are that at least half the world's 
productivity, that is carbon fixation, comes from the 
oceans. This is contributed by the algae, the only 
vegetation in the sea. Considering their large surface area, 
the oceans might be expected to contribute a larger 
fraction, but photosynthesis is confined to the surface 
layers where light is available and here nutrient availabil- 
ity, particularly nitrogen and phosphorus, is a limiting 
factor. 

Algae are vital as primary producers (chapter 12), being 
at the start of most aquatic food chains, including 
freshwater as well as virtually all ocean food chains. These 
chains lead through zooplankton*, crustaceans, and so on 


to fish. Many of the algae are microscopic unicells and these 
are the chief components of phytoplankton.* 

Carbon fixation is not the only consequence of photo- 
synthesis (section 9.2). The oxygen in the atmosphere is 
maintained by photosynthesis and at least half of this must 
therefore come from the algae, more than is contributed by 
forests on land. 


Alginic acid, agar and carrageenin 


A number of useful substances, including alginic acid, agar 
and carrageenin, are extracted from algae. Alginic acid and 
its derivatives (alginates) are polysaccharides extracted 
from the middle lamellae and cell walls of brown algae, 
such as Laminaria, Ascophyllum and Macrocystis. The 
fronds of the algae (seaweeds) are harvested in large 
quantities from shallow coastal waters, such as Macrocystis 
off the coast of California. The purified alginates are 
non-toxic and readily form gels. They are used as 
thickeners and gelling agents in a wide variety of industrial 
products; for example hand creams in cosmetics, emul- 
sifiers in ice cream, polishes, medicines and paints, gelling 
agents in confectionery and glazes in ceramics. 

Agar is a polysaccharide extracted from red algae. Like 
alginates, it forms gels and is probably most familiar as a 
convenient medium on which to culture bacteria and fungi. 
Here it is prepared as a dilute solution, mixed with 
nutrients and allowed to set as a jelly. It is also used for 
much the same purposes as alginates. 

Carrageenin (carragheen) is another cell wall polysac- 
charide and is extracted mainly from the red alga Chondrus 
crispus. It is chemically very similar to agar and is used for 
the same purposes. 


Diatomite (kieselguhr) 


Algae of the division Bacillariophyta are mainly unicellular 
and are called diatoms. They have a characteristic cell wall 
structure containing silica. When they die they sediment, 
so that on the sea bed or lake bottom extensive deposits can 
be built up over long periods of time. The resulting 
‘diatomaceous earth’ has a high proportion of silica (up to 
90%) and when purified can be used as an inert filtering 
material, as in sugar refining and brewing, as a filler in 
paints and paper, and can be used in insulation materials 
that have to withstand extremes of temperature. 


Fertiliser 


A traditional but small-scale use of the larger seaweeds 
(red and brown algae) has been as a fertiliser on coastal 
farms. They are richer in potassium, but poorer in nitrogen 
and phosphorus, than farm manure, and are of limited 
success. A far more important role is played by blue-green 
algae, which are important free-living nitrogen fixers, 
occurring naturally in soils (section 9.11.1). 


* Plankton are minute plants (phytoplankton) and animals (zooplankton) 
floating in the surfaces of the oceans and lakes. They are of great economic 
and ecological importance. 


Food 


Some algae are used directly for human consumption, 
particularly in the Far East. Porphyra, a delicate red 
seaweed, and Laminaria, a large brown seaweed, are 
commonly used either raw or prepared in some way. 
Porphyra is made into laver bread in South Wales, a 
traditional dish in which the boiled alga is mixed with 
oatmeal and cooked in butter. In the search for new foods, 
much attention has been paid to mass culture of algae. Few 
have proved suitable, and up to now bacteria and fungi 
have provided greater success in this field. However, the 
blue-green alga Spirulina shows promise as a food source. 


Sewage disposal 


Algae contribute to some extent to the microbial life of 
sewage works, the sewage providing nutrients for micro- 
scopic green algae as well as for bacteria, fungi and 
protozoa. Algae are particularly useful to Man in open 
‘oxidation ponds’, which are used especially in tropical and 
subtropical countries. Ponds between 1 m and 1.5 m deep 
receive raw sewage, and oxygen provided by algal 
photosynthesis is vital for the other aerobic micro- 
organisms that utilise the sewage. The algae can also be 
harvested occasionally and processed for animal fodder. 


Research 


Unicellular algae show all the typical plant characteristics 
and often make ideal research material since they can be 
grown in large numbers under precisely controlled condi- 
tions without occupying a great deal of space. For example, 
the use of Chlorella in research on photosynthesis has been 
rewarding, as described in section 9.4.3. Algae are also 
used in ion uptake experiments and were important in early 
work on the structure of cell walls and flagella. 


Harmful effects 


Under certain conditions algae produce ‘blooms’: that is 
dense masses of material. This is particularly true in 
relatively warm conditions when there is high nutrient 
availability. The latter may be artificially induced by Man, 
as when sewage is added to water, or inorganic fertilisers 
run off from agricultural land into rivers and lakes. As a 
result, an explosive growth of primary producers (algae) 
occurs and far more than usual therefore die before being 
eaten. The subsequent process of decomposition is carried 
out by aerobic bacteria which in turn multiply and deplete 
the water of oxygen. This sequence may be rapid and the 
lack of oxygen may lead to the death of fish and other 
animals and plants. The increase of nutrients which starts 
the process is called eutrophication, and if rapid constitutes 
a form of pollution. 

Toxins produced by algal blooms, particularly by 
blue-green algae, can also increase mortality. They can be a 
serious problem in lakes, including those of fish farms, 
especially where intensive addition of fertilisers to farm- 
lands adds to the eutrophication problems. Similar prob- 
lems may occur as a result of algal blooms in the oceans. In 
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addition, toxins may be stored by shellfish feeding on the 
algae and be passed on to Man causing, for example 
paralytic shellfish poisoning. 
Algae also cause problems in water storage reservoirs 
where their products may taint the water and where the 
can grow on and block the beds of sand used as filters. 


3.4 The problems just mentioned are 
greater in lowland reservoirs. Why should this be so? 


3.5 Algae are not associated with dis- 
ease, unlike many fungi and bacteria. What is the 
reason for this? 


3.3 


Division Bryophyta —- liverwort 
and mosses 


There are fossil records of blue-green alg: 
living 3 000 million years ago and eukaryotic organism 
have existed for more than 1 000 million years. Howeve 
the first organisms to colonise the land, primitive plant 
did not do so until about 420 million years ago. Probab! 
the greatest single problem to overcome in making tl 
transition from water to land is that of desiccation. A: 
plant not protected in some way, for example by a wa) 
cuticle, will tend to dry out and die very rapidly. Even if th 
difficulty is overcome, there remain other problem 
notably that of successfully achieving sexual reproductio: 
In the algae this usually involves a male gamete which mu 
swim in water to reach the female gamete. 

The first plants to colonise the land are generally though 
to have evolved from the green algae (fig 3.12), a fe 
advanced members of which evolved reproductive organ 
namely archegonia (female) and antheridia (male), th: 
enclosed and thus protected the gametes within. This, and 
certain other factors that helped to prevent desiccation 
enabled some of them to invade the land. 

One of the main themes that will be stressed wher 
considering the different groups of land plants will be thei: 
gradually increasing independence from water. 

The main problems associated with the transition from 


an aquatic to a terrestrial environment are summarised 
below. 


Desiccation. Air is a drying medium and 
water is essential for life for many reasons (section 5.1.2). 
Means of obtaining water and conserving it are required. 


Reproduction. Delicate sex cells must be 
protected and motile male gametes (sperm) require water 
if they are to reach the female gametes. 


Support. Air, unlike water, offers no sup- 
port to the plant body. 


NS Nutrition. Plants require light and carbon 
dioxide for photosynthesis, so at least part of the body must 
be above ground. Minerals and water, however, are at 


ground level or below ground, and to make efficient use of 
these, part of the plant must grow below ground in 
darkness. 


Gaseous exchange. For photosynthesis and 
respiration, carbon dioxide and oxygen must be exchanged 
with the atmosphere rather than a surrounding solution. 


Environmental variables. Water, particular- 
ly large bodies of water like lakes and oceans, provides a 
very constant environment. A terrestrial environment, 
however, is much more subject to changes in important 
factors such as temperature, light intensity, ionic concen- 
tration and pH. 


It will be seen in the remainder of this chapter that plants 
have successfully exploited the land by gradual changes in 
structure and function. It is the main changes that the 
student should try to understand rather than the detailed 
differences between plants. 


Classification and characteristics of 
Bryophyta 


The simplest group of land plants is the 
livision Bryophyta, which includes two main classes, the 
iepaticae (liverworts) and the Musci (mosses). The 
lassification and characteristics of the Bryophyta are 
immarised in table 3.5. 

he bryophytes are relatively poorly adapted to life on 
nd, so are mainly confined to damp, shady places. They 
© small simple plants, with strengthening and conducting 


3.3.1 


ble 3.5 Classification and characteristics of the Bryophyta. 


tissues absent or poorly developed. There is no true 
vascular tissue (xylem or phloem). They lack true roots, 
being anchored by thin filamentous outgrowths of the stem 
called rhizoids. Water and mineral salts can be absorbed by 
the whole surface of the plant, including the rhizoids, so 
that the latter are mainly for anchorage, unlike true roots. 
(True roots also possess vascular tissue, as do true stems 
and leaves.) Thus the stems and leaves of bryophytes are 
not homologous with stems and leaves of vascular plants, 
where they are part of a diploid sporophyte not a haploid 
gametophyte. The plant surface lacks a cuticle, or has only 
a delicate one, and so has no barrier against loss (or entry) 
of water. Nevertheless, most bryophytes have adapted to 
survive periods of dryness using mechanisms that are not 
fully understood. For example, it has been shown that the 
well-known xerophytic moss Grimmia pulvinata can sur- 
vive total dryness for longer than a year at 20 °C. Recovery 
is rapid as soon as water becomes available. 


Alternation of generations 


In common with all land plants* and some advanced algae, 
such as Laminaria, bryophytes exhibit alternation of 
generations. Two types of organism, a haploid gametophyte 
generation and a diploid sporophyte generation, alternate 
in the life cycle (the cycle from the zygote of one generation 
to the zygote of the next generation). The cycle is 
summarised in fig 3.21. The haploid generation is called the 
* All plant groups except algae are terrestrial, althought a few species 
have returned to water as a secondary adaptation, such as aquatic ferns 


and the flowering plant, Zostera. ‘Land plants’ will refer to all plants 
except algae. 


sion Bryophyta 


neral characteristics 


Iernation of generations in which the gametophyte generation is dominant 


o vascular tissue, that is no xylem or phloem 
Body is a thallus, or differentiated into simple ‘leaves’ and ‘stems’ 


No true roots, stems or leaves: the gametophyte is anchored by filamentous rhizoids 
Sporophyte is attached to, and is dependent upon, the gametophyte for its nutrition 


Spores are produced by 
Live mainly in damp, shady places 


the sporophyte in a spore capsule on the end of a slender stalk above the gametophyte 


Class Hepaticae (or Hepaticopsida) (liverworts) 


Class Musci (or Bryopsida) (mosses) 


Gametophyte is a flattened structure that varies from being a 
thallus(rare) to ‘leafy’ with a stem(majority), with intermediate 
lobed types 

‘Leaves’ (of leafy types) in three ranks along the stem 
Rhizoids unicellular 


Capsule of sporophyte splits into four valves for spore dispersal: 
elaters aid dispersal 


e.g. Pellia, a thallose liverwort 
Marchantia, a thallose liverwort, with antheridia and 
archegonia on stalked structures above the thallus 
Lophocolea, a leafy liverwort, common on rotting wood 


Gametophyte ‘leafy’ with a stem and generally more 
differentiated than liverworts 


‘Leaves’ spirally arranged 
Rhizoids multicellular 


Capsule of sporophyte has an elaborate mechanism of spore 
dispersal, dependent on dry conditions and involving teeth or 
pores; elaters absent 


e.g. Funaria 
Mnium, a common woodland moss similar in 
appearance to Funaria 
Sphagnum, bog-moss: forms peat in wet acid habitats (bogs) 
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GAMETOPHYTE (n) 
sexual stage 


mitosis mitosis 
spores (n) gamete (n) Q gamete (n) 
iosi fertilisation 
meiosis - 


spore mother cells 


(2n) 


SPOROPHYTE (2n) 
asexual stage 


zygote (2n) 


Fig 3.21 Generalised life cycle of a plant showing alternation 
of generations. Note the haploid stages (n) and diploid stages 
(2n). The gametophyte is always haploid and always 
produces gametes by mitosis. The sporophyte is always 
diploid and always produces spores by meiosis 


gametophyte (gameto, gamete; phyton, plant) because it 
undergoes sexual reproduction to produce gametes. Pro- 
duction of gametes involves mitosis, so the gametes are also 
haploid. The gametes fuse to form a diploid zygote which 
grows into the next generation, the diploid sporophyte 
generation. It is called the sporophyte because it undergoes 
asexual reproduction to produce spores. Production of 
spores involves meiosis, so that there is a return to the 
haploid condition. The haploid spores give rise to the 
gametophyte generation. 

One of the two generations is always more conspicuous 
and occupies a greater proportion of the life cycle; this is 
said to be the dominant generation. In the bryophytes, the 
gametophyte generation is dominant. In all other land 
plants the sporophyte generation is dominant. It is 
customary to place the dominant generation in the top half 
of the life cycle diagram. 

Fig 3.21 should be studied carefully because it summar- 
ises the life cycle of all land plants, including the flowering 
plants, which are the most advanced. One point that must 
be remembered is that gamete production involves mitosis, 
not meiosis as in animals; meiosis occurs in the production 
of spores. 


3.3.2 Class Hepaticae — liverworts 


Characteristics of the Hepaticae are summar- 
ised in table 3.5. They are more simple in structure than 
mosses and, on the whole, more confined to damp and 
shady habitats. They are found on the banks of streams, on 
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damp rocks and in wet vegetation. Most liverworts sho 
regular lobes or definite ‘stems’ with small, simple ‘leave 
The simplest of all though are the thalloid liverworts whe: 
the body is a flat thallus with no stem or leaves. One « 
these, Pellia, will be studied because of its simplicity. 


Pellia is a liverwort common throughout Britain. T! 
plant is a dull green with flat branches about 1 cm wide. | 
external features are shown in fig 3.22. A vertical section « 
the thallus reveals that the photosynthetic cells, containin: 
chloroplasts, are confined to the layers near the upper an 
lower surfaces. Otherwise there is little tissue differenti: 
tion. 


Life cycle 


Sexual reproduction of the gametophyte takes place in 
spring and early summer. The sex organs, male antheridia 
and female archegonia, are found on the upper surface of 
the thallus near the tips of branches. Their position is 
shown in figs 3.22 and 3.24. Within them, male and female 
gametes are produced by gamete mother cells whose nuclei 
divide by mitosis. A diagrammatic summary of the life 
cycle is shown in fig 3.23. Note that the sex organs protect 
the developing gametes from desiccation. The ovum is also 
protected by mucilage found in the neck canal of the 
archegonium. 


Fertilisation. Water is essential for fertilisa- 
tion. When the surface of the thallus is wet, mature 
antheridia absorb water and burst, releasing the male 
gametes (antherozoids or sperms) on to the surface. The 
sperms are biflagellate (have two flagella) and are 
produced in such large numbers that the fluid covering the 
thallus has a milky appearance. They swim towards the 
archegonia, attracted by proteins secreted by the archego- 
nial necks. Such movement is an example of chemotaxis 


dichotomous 


midrib- more — 
pronounced on N 
ventral surface X. 
where it is a broad, 
raised thickening 
bearing rhizoids 


thallus- dark green i 


and photosynthetic, 
deeply lobed margins 


older part of 


branching at tips 


capsule - black and 
spherical; contains 
spores 


sporophyte (sporogonium)— 
diploid sexual stage 
dependent on gametophyte: 

. seta white; up to 5 cm absorbs food by means of 
long a foot at the base of the 
seta; grows in spring 


— involucre- flap of 
tissue covering 
archegonia 


2cm 
— — antheridia - contained 
in small bumps on 
the surface 


thallus 


Fig 3.22 External features of Pellia. The gametophyte is 
shown with the dependent sporophyte generation attached 


Fig 3.23 Diagrammatic life cycle of Pellia 
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(section 15.1.2). Sperms swim down the neck of each 
archegonium to the venter at its base, which contains the 
female gamete or ovum. Fertilisation, that is fusion of the 
sperm nucleus with the ovum nucleus, takes place in the 
venter and the product is a diploid zygote. 


Development of the zygote. Usually only 
one zygote develops under each involucre. The zygote 
grows into a sporophyte, developing a foot that grows back 
into the gametophyte and acts as an absorptive organ 


rhizoids - unicellular; grow from 
ventral surface; mainly for 
anchorage 


through which it obtains nutrients (fig 3.24). The develop- 
ing sporophyte has no chlorophyll and is therefore not 
photosynthetic, being totally dependent on the game- 
tophyte. As the sporophyte grows, the archegonium 
enlarges to contain it and is called a calyptra. 


Asexual reproduction. The sporophyte cap- 
sule contains spore mother cells that divide by meiosis to 
produce haploid spores. Other cells differentiate into a 
mass of long, thin structures called elaters with spiral bands 
in their walls. The sporophyte remains dormant at this 
stage during the winter, still protected by the involucre and 
calyptra. It resumes growth the next spring, when the seta 
elongates rapidly, rupturing the calyptra and carrying the 
capsule well above the thallus. The spores become 
multicellular (fig 3.24) and develop chloroplasts, so each is 
already developing into a gametophyte. 

As the capsule dries, tensions are set up in its wall and 
eventually it splits into four segments. As drying continues 
the segments fold back, revealing the mass of spores and 
elaters. The elaters untwist as they dry out, and so twist and 
untwist in response to changes in humidity. By this means 
they fluff up the spore mass and aid its dispersal. Being well 
above the thallus the spores are likely to be caught by air 
currents and dispersed widely. 


Germination. The spore germinates im- 
mediately on finding a suitable damp habitat and grows to 
form the thallus of the gametophyte generation. The life 
cycle of Pellia is summarised in fig 3.23. 


Success of adaptation to land 


Liverworts are well adapted to a terrestrial environment in 
their mode of spore dispersal, which depends on the drying 
out of the capsule and the dispersal of small, light spores by 
wind. However, they still show a great reliance on water for 
the following reasons. 
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(1) The gametophyte thallus is a small, thin, delicate 
structure with a large surface area to volume ratio and 
with no cuticle to reduce water loss by evaporation. 

(2) They are still dependent on water for reproduction 
because sperms must swim to the archegonia. They are 
adapted to release their sperms when water is available 
since only then do the antheridia burst. They are partly 
adapted to land because the gametes develop in 
protective structures, the antheridia and archegonia. 

(3) There are no special supportive structures, so the plants 
are restricted in upward growth. 

(4) They are dependent on availability of water and 
mineral salts close to or at the surface of the soil, 
because they have no roots to penetrate the substrate. 
However, rhizoids are present for anchorage, an 
adaptation to a solid substratum. 


3.6 Liverworts and mosses have some- 
limes been described as the amphibians of the plant 
world. Briefly explain why this should be so. 


3.3.3 Class Musci — mosses 


Characteristics of the mosses are summarised 
in table 3.5. They have a more differentiated structure than 
liverworts but, like liverworts, are small and found mainly 
in damp habitats. They often form dense cushions. 
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Fig 3.25 Structure of Funaria. The gametophyte is shown 
with the semi-dependent sporophyte generation attached 
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Funaria is a common moss of fields, open woodland and 
disturbed ground, being one of the early colonisers of such 
ground. It is especially associated with freshly burned 
areas, for example after heath fires. It is also a common 
weed in greenhouses and gardens. Its external features are 
illustrated in fig 3.25. 


3.4 


Division Pteridophyta — ferns, club- 
mosses and horsetails 


The oldest known pteridophytes are fossils 
from the end of the Silurian period, 380 million years old. 
Whether these plants evolved from bryophytes or indepen- 
dently from algae is not known, but they are the earliest 
known vascular plants. Vascular plants are those contain- 
ing vascular tissue, that is the conducting tissues of xylem 
and phloem. In order to emphasise what a major advance 
vascular tissue represents compared with the simple 
conducting cells of some bryophytes and algae, all vascular 
plants are sometimes included in one division, the 
Tracheophyta, with pteridophytes and the more advanced 
group, the spermatophytes, being classified as subdivi- 
sions. 

Vascular tissue is a feature of the sporophyte generation, 
that generation which in the bryophytes is small and 
dependent on the gametophyte. Its occurrence in the 
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sporophyte and not the gametophyte generation is one 
reason why the sporophyte generation becomes dominant 
in all vascular plants. 

Vascular tissue has two important properties of rel- 
evance here. Firstly, it forms a transport system, conduct- 
ing food and water around the multicellular body, thus 
allowing development of large, complex bodies. Secondly, 
these bodies can be supported because xylem, apart from 
being a conducting tissue, contains lignified cells of great 
strength and rigidity. In some extinct pteridophytes, xylem 
developed extensively as a result of secondary growth to 
form wood, which is the major supporting tissue of trees 
and shrubs. Another lignified tissue, sclerenchyma, also 
develops in vascular plants and supplements the mechani- 
cal role of xylem (section 8.2.1). The vascular tissue of 
pteridophytes shows certain primitive features compared 
with flowering plants. The xylem contains tracheids rather 
than vessels and the phloem contains sieve cells rather than 
sieve tubes (section 8.2.2). 

The earliest known vascular plants, the Psilopsida, a 
group which is now almost extinct, lacked roots, but these 
later appeared among the other pteridophytes. Roots 
penetrate the soil with the result that water can be obtained 
more easily, the xylem conducting it to other parts of the 
plant. Three distinct groups of rooted pteridophytes 
emerged, the clubmosses, horsetails and ferns, all of which 
have survived to the present. 

Once plant bodies could achieve support above the 
ground, there must have been competition for light and a 
tendency for taller forms to evolve. The period following 
the Silurian, the Devonian, is marked by the appearance of 
pteridophyte ‘trees’ up to 30 m tall and sometimes with 
woody trunks 2 m thick. By the next period, the Carbo- 
niferous, great swampy forests of giant clubmosses and 
horsetails were widespread, eventually giving rise to the 
coal seams of today. In these forests insects and amphibians 
first became abundant. Elsewhere, ferns and tree-ferns 
(not supported by any wood) also occurred. Pteridophytes 
were the dominant vegetation for about 70 million years 
from the Devonian to the Permian, when gymnosperms 
and later flowering plants largely replaced them (see the 
geological time scale in appendix 5). 

Despite these advances in adapting to a land environ- 
ment, which are associated with the sporophyte genera- 


tion, there remains the major problem of the gametophyte. 
This is even smaller and more susceptible to desiccation 
than the bryophyte gametophyte and is called a prothallus, 
dying as soon as it has reproduced to form the sporophyte 
It produces sperms which must swim to reach the fema! 
gametes. 


Heterospory 


In some pteridophytes, the gametophyte is protected ^y 
remaining in the spores of the previous sporoph 
generation. In such cases there are two types of spore and 
the plants are therefore described as heterosporous. Pla 
producing one type of spore, like the bryophytes, 
described as homosporous. 

Heterosporous plants produce large spores called me 
spores and small spores called microspores. Cert: n 
technical terms are applied to the structures associated with 
spore production and for convenience these are sum: 
rised in table 3.6 and fig 3.26. 

Megaspores give rise to female gametophytes (protha! :) 
that bear archegonia, and microspores give rise to m 
gametophytes (prothalli) that bear antheridia. Sperms 
produced by the antheridia then travel to a fem: 
prothallus. Both male and female prothalli remain 
protected inside their respective spores. The microspor: 
small, can be produced in large numbers, and is dispersed 
by wind from the parent sporophyte; the male prothallus 
that the microspore contains is therefore dispersed with it. 
The evolution of heterospory is an important step in the 
evolution of seed-bearing plants, as will be shown late 


3.4.1 Classification and characteristics of 


Pteridophyta 


Classification and characteristics of the mod- 
ern Pteridophyta are summarised in table 3.7. The class 
Psilopsida, an almost extinct group, is omitted. 


3.4.2 Class Pteropsida — ferns 


Characteristics of the Pteropsida are summa- 
rised in table 3.7. They are usually restricted to damp, 
shady habitats. Few ferns are capable of growing in full 
sunlight, although bracken (Pteridium) is a common 
exception. Ferns are common in tropical rain forests, 
where temperature, light and humidity are favourable. 


Table 3.6 Glossary of terms associated with spore production. 


strobilus or cone — a collection of sporophylls 

sporophyll — a leaf which produces sporangia (phyllon, leaf) 
megasporophyll — a leaf which produces a megasporangium 
microsporophyll — a leaf which produces a microsporangium 


sporangium — a structure in which spores are produced by plants; it is associated wi 


megasporangium — a sporangium which produces megaspores 
microsporangium — a sporangium which produces microspores 


th asexual reproduction 


megaspore ~ a relatively large spore which grows to produce a female gametophyte 

microspore — a relatively small spore which grows to produce a male gametophyte 

homosporous — producing only one type of spore, e.g. Pellia, Funaria, Dryopteris 

heterosporous — producing two types of spore, megaspores and microspores, e.g. Selaginella and all spermatophytes 
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Fig 3.26 Diagram illustrating the principle 
of heterospory 


Table 3.7 Classification and characteristics of the Pteridophyta. 


Division Pteridophyta 


General characteristics 

Alternation of generations in which the sporophyte generation is dominant 
Gametophyte is reduced to a small, simple prothallus 

Sporophyte has true roots, stems and leaves with vascular tissues 


Class Lycopsida (clubmosses) Class Sphenopsida (horsetails) Class Pteropsida (ferns) 


Leaves relatively small (microphyllous*) 
and spirally arranged around the stem 


Homosporous and heterosporous forms 


Sporangia usually in strobili (cones) 


Leaves relatively small (microphyllous*) 
and arranged in whorls around the stem 


Homosporous 


Sporangia in strobili (cones) on 


Leaves relatively large (macrophyllous*) 
and called fronds; spirally arranged around 
the stem 


Homosporous (mostly) 
Sporangia usually in clusters (sori) 


distinctive sporangiophores 


e.g. Selaginella, a heterosporous clubmoss e.g. Equisetum (only surviving genus) 


Lycopodium, a homosporous clubmoss 


e.g. Dryopteris filix-mas (male fern) 
Pteridium (bracken) 


* microphyllous — having a single mid-vein. Usually small. 
macrophyllous — having branching veins. Large. 


The male fern (Dryopteris filix-mas) is probably the most 
common British fern and is found in damp woods, 
hedgerows and other shady places throughout the country. 
The fronds (leaves) of the sporophyte may reach a metre or 
more in height and grow from a thick horizontal stem, or 
rhizome. This bears adventitious roots. Branches from the 
main stem may eventually break away and give rise to 
separate plants, a form of vegetative reproduction. The 
bases of the fronds are covered with dry brown scales called 
ramenta that protect the young leaves from frost or 
drought. The young leaves show a characteristic tightly 
rolled structure. The ramenta gradually become smaller 
and less dense up the main axis of the frond. This axis is 
called the rachis, and the leaflets either side the pinnae. 
The small rounded subdivisions of the pinnae are called 
pinnules. The external features of the sporophyte of 
Dryopteris filix-mas are shown in fig 3.27. 


Life cycle 


A diagrammatic summary of the life cycle of Dryopteris is 
shown in fig 3.28. 


Asexual reproduction. Spores are produced 
during late summer in structures called sporangia. Sporan- 
gia develop in clusters called sori on the undersides of 
pinnules (fig 3.28a). Each sorus has a protective covering 
called an indusium. Inside each sporangium diploid spore 
mother cells divide by meiosis to produce haploid spores. 
AII the spores are identical, so Dryopteris is homosporous. 
When mature, the indusium shrivels and drops off, and the 
exposed sporangium walls begin to dry out. In each wall is a 
conspicuous strip of cells, the annulus, with thickenings on 
their inner and radial walls (fig 3.285). The annulus extends 
only part of the way around the sporangium, and 
completing the circuit are thin-walled cells forming a region 
called the stomium. As the cells of the annulus dry, their 
thin outer walls are pulled inwards by the shrinking 
cytoplasm. The tension thus caused across the whole strip 
makes the cells of the adjacent stomium suddenly rupture 
and the annulus curl back. At the moment of rupture 
spores are catapulted from the sporangium. Eventually the 
cytoplasm pulls away from the annulus walls altogether, 
suddenly releasing the tension across the annulus so that it 
returns violently to its original position, throwing out the 
remaining spores. 
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Fig 3.27 External features of the sporophyte generation of D. 
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Fig 3.28 (a) Life cycle of Dryopteris filix-mas 
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Germination. The spores can remain dor- 
mant for a short period and when suitable moist conditions 
are present germinate to form the gametophyte genera- 
tion. The gametophyte is a thin, heart-shaped plate of cells 
about 1 cm in diameter (fig 3.28a). It is green and 
photosynthetic and is anchored by unicellular rhizoids to 
the soil. This delicate prothallus lacks a cuticle and is prone 
to drying out, so can only survive in damp conditions. 


Sexual reproduction. The gametophyte 
(prothallus) produces simple antheridia and archegonia on 
its lower surface (fig 3.28a). These sex organs protect the 
gametes within them. Gametes are produced by mitosis of 
gamete mother cells, the antheridia producing sperm and 
each archegonium an ovum, as in the bryophytes. Each 
sperm has a tuft of flagella. When ripe, and conditions are 
wet, each antheridium releases its sperm, which swim 
through a film of water towards the archegonia. This is a 
chemotactic response to malic acid (2-hydroxybutanedioic 
acid) secreted by the necks of the archegonia. Cross- 
fertilisation usually occurs because the antheridia mature 
before the archegonia. The product of fertilisation is a 
diploid zygote. Note that fertilisation is still dependent on 
water as in the bryophytes. 


; Development of the zygote. The zygote 
grows into the sporophyte generation. The young embryo 
develops a foot with which to absorb nutrients from the 
gametophyte until its own roots and leaves can take over 
the role of nutrition. The gametophyte soon withers and 
dies. 


The life cycle is summarised non-pictorially in fig 3.29. 
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Fig 3.29 Diagrammatic life cycle of Dryopteris filix-mas 


3.7 How are ferns better adapted to life 
on land than liverworts or mosses? 

3.8 Which of the following are nu- 
tritionally self-supporting? 
(a) Mature liverwort and moss gametophytes 
(b) Mature liverwort and moss sporophytes 


(c) Mature fern gametophytes 
(d) Mature fern sporophytes 


3.9 In what main respects are mosses, 
liverworts and ferns poorly adapted to life on land? 


3.10 How can ferns spread? 


3.11 How is the zygote of liverworts (or 
mosses) and ferns (a) protected, (b) supplied with 
food? 


3.4.3 Class Lycopsida — clubmosses 


Characteristics of the Lycopsida are summar- 
ised in table 3.7. Note that, despite their superficial 
resemblance to mosses, these plants are pteridophytes and 
more advanced than true mosses, which are bryophytes. 
The Lycopsida were once far more extensive than they are 
today, with many tree species as mentioned on page 58. 
They are intermediate between ferns and seed plants in 
their adaptation to land. 


Selaginella is a mainly tropical genus, with one British 
species, S.selaginoides. It is quite common in mountainous 
areas of north-west Britain, favouring moist conditions on 
wet rocks and pastures and being common near streams. It 
has a creeping stem, that is one that usually:lies flat on the 
ground, with short erect branches. The external features of 
a common greenhouse species of Selaginella, S. kraussiana, 
are shown in fig 3.30. It has small leaves produced in four 
rows and arranged in opposite pairs, each pair having one 
larger (lower) and one smaller (upper) leaf. Each leaf has a 
ligule, a small, membranous outgrowth near its base. 
Root-like structures called rhizophores grow down from 
the stem and branch into adventitious roots at their free 
ends. 

Reproduction involves the production of vertical 
branches called strobili, or cones, differing in structure 
from the rest of the plant. They consist of four vertical rows 
of leaves of equal size that produce sporangia on their 
dorsal surfaces, and are therefore sporophylls. 


Life cycle 


A diagrammatic summary of the life cycle of Selaginella is 
shown in fig 3.31. For the meanings of some of the terms 
used below, consult table 3.6. 


Asexual reproduction. Selaginella produces 
strobili or cones as described above. The lower leaves are 
megasporophylls producing megasporangia, while the 
upper leaves are microsporophylls producing microsporan- 
gia (fig 3.32). Each megasporangium produces four 
megaspores and each microsporangium produces many 
microspores; in both cases the spore mother cells undergo 
meiosis. Since there are two types of spore, Selaginella is 
described as heterosporous. 


Spore development and sexual repro- 
duction. The microspores develop into male game- 
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Fig 3.30 External features of the sporophyte generation of 
Selaginella kraussiana, a common greenhouse species. In 
Selaginella selaginoides, the only naturally occurring British 
species, all leaves are the same size. Also, it lacks 
rhizophores, having adventitious roots only 


tophytes. During development the microspores are re- 
leased and they may be dispersed or sift down the strobilus 
to the megasporophylls. The contents of each microspore 
become a male prothallus, consisting of one vegetative cell 
and a single antheridium, inside which flagellate sperm are 
produced by mitosis. The prothallus, a reduced game- 
tophyte generation, is non-photosynthetic and entirely 
dependent on food stored within the microspore. This food 
can therefore be traced back to the sporophyte generation. 

The megaspores develop into female gametophytes. 

Again development begins before the spores are shed and 
the contents of each megaspore become a female prothal- 
lus, a reduced gametophyte generation. The top of the 
prothallus is revealed by the spore splitting. It develops 
thizoids and becomes partially green and photosynthetic. 
However, most of its food, like that of the male 
gametophyte, comes from a food store in the spore and is 
derived from the previous sporophyte generation. The 
female prothallus produces archegonia at its surface. inside 
each of which an ovum is produced by mitosis. 

Note that the mature gametophytes are not independent 
plants, unlike all the previous examples of land plants 
studied in this chapter. This is an important evolutionary 
advance, an adaptation to life on land that results in the 
gametophyte generation, previously vulnerable to desicca- 
tion, now being partly protected by the spore. No longer 
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strobilus 


free-living, it is supplied with food stored in the spore by 
the preceding sporophyte generation, 

This advantage is accompanied by the disadvantage that 
sperm have to travel from the male prothallus, inside the 
microspore, to the female prothallus inside the megasp 
Self-fertilisation of the gametophyte is no longer possible, 
and the spores (and hence gametophytes) may be widely 
separated if dispersed. 


Fertilisation. The walls of the microspores 
rupture and the sperm escape. Moist conditions are still 
needed for this to occur, and sperm swim to the archegonia 
ofthe female prothallus. The latter is still in the megaspore, 
and this may still be on the parent sporophyte or may have 
been released. Sperm swim down the neck of the 
archegonium and one will fuse with the ovum to produce a 
diploid zygote. 


Development of the zygote. The zygote 
develops into an embryo sporophyte. The upper part of the 
embryo becomes an elongated structure, the suspensor, 
that pushes the embryo down into the food store of the 
gametophyte and megaspore. The embryo develops a root, 
stem and leaves, obtaining food through an absorptive foot 
until it is an independent, photosynthetic plant. 

Note that the larger size of the megaspore compared with 
the microspore is due to the food it contains, enabling both 
the female gametophyte and the embryo of the succeeding 
sporophyte generation to grow. Thus food made by one 
sporophyte generation is used in the early development of 
the next sporophyte generation. The life cycle of Sela- 
ginella is summarised pictorially in fig 3.32. : 


3.4.4 Class Sphenopsida — horsetails 


Characteristics of the Sphenopsida are 
summarised in table 3.7. Equisetum is the only surviving 
genus and has about 25 species distributed throughout the 


embryo (2n) 
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world (except in Australia). Many are associated with 
damp or wet habitats, such as ponds and marshes. 
However, Equisetum arvense, the common or field horse- 
tail, is common throughout Britain in drier places such as 
fields and roadsides, wasteground and gardens. 

The sporophytes have horizontal underground stems 
(rhizomes) and aerial shoots usually less than a metre in 
height. The shoots have characteristic whorls of small 
pointed scale leaves at each node. They may be ‘sterile’ 
vegetative shoots or ‘fertile’ shoots bearing strobili (cones). 
Sterile shoots are green and have a whorl of narrow 
branches, as well as scale leaves, at each node. Fertile 
shoots of most species are pale brown to colourless, 
unbranched, and with a single strobilus at the apex; in some 
species they are green and branching. Internodes (the 
regions between nodes) of all parts have a number of 
longitudinally running grooves and the main branches are 
hollow. The external features of E.arvense are illustrated in 
fig 3.33. 


3.5 


Division Spermatophyta — seed- 
bearing plants 


The most successful group of land plants are 
the Spermatophyta (sperma, seed). In this section stress 


prothalli 


Fig 3.31 Diagrammatic life cycle of Selaginella 


will be placed on the adaptations which have made them 
successful and they will be compared with the less advanced 
groups already studied. 

The spermatophytes probably have their origin among 
extinct seed-producing members of the pteridophytes. If 
the clubmoss Selaginella (a pteridophyte) has been studied, 
it will be noted that its life cycle is essentially the same as 
that of seed plants, except that in Selaginella the megaspore 
is released whereas in seed plants it is retained. However, it 
will be assumed in the following discussion that Selaginella 
has not been studied and the life cycle of seed plants will be 
compared with that of homosporous pteridophytes like the 
ferns. 

One of the main problems for plants living on land is the 
vulnerability of the gametophyte generation. For example, 
in ferns the gametophyte is a delicate prothallus and it 
produces male gametes, or sperm, dependent on water for 
swimming. In seed plants, however, the gametophyte 
generation is protected and very much reduced. It is only 
by comparing the life cycle of seed plants with those of 
more primitive plants that it becomes obvious that 
alternation of generations still occurs in seed plants. Three 
important advances have been made by seed plants, first 
the development of heterospory, secondly the develop- 
ment of seeds, and thirdly the development of non- 
swimming male gametes. 
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Fig 3.32 Life cycle of Selaginella 
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Fig 3.33 External features of the sporophyte generation of 
Equisetum arvense 
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whorl of leaves at node 
small (microphyllous) 
scale-like and green 
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to main branch but smaller 
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rhizome- horizontal 


adventitious roots - [ound. 
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branched 


Heterospory 


An important advance towards the seed-plant life cycle 
came with the evolution among the pteridophytes of plants 
that produced two types of spore, microspores and 
megaspores. Such plants are termed heterosporous and are 
discussed in the introduction to pteridophytes (section 
3.4). Table 3.6 contains a glossary of terms relating to spore 
production in the life cycle of heterosporous types (see also 
fig 3.26). All seed plants are heterosporous. 

The contents of a microspore become a male game- 
tophyte, and those of a megaspore become a female 
gametophyte. In both cases the mature gametophyte is 
very reduced and is not released from the spore, unlike the 
free-living independent gametophytes of homosporous 


underground stem with 
conspicuous nodes and 
internodes 


tuber - short, rounded 
branch, one internode 
long: means of 
overwintering and 
vegetative reproduction 


plants such as Dryopteris. By being retained within the 
spores, the gametophytes are protected from desiccation, 
an important adaptation to life on land. They are 
non-photosynthetic and dependent on food stored in the 
spores by the preceding sporophyte generation. The most 
extreme reduction of gametophytes takes place in the 
flowering plants, as will be discussed later. 

Megaspores are produced in megasporangia on mega- 
sporophylls and microspores in microsporangia on micro- 
sporophylls. The equivalent structure to a megasporan- 
gium in a seed plant is called an ovule. Within an ovule only 
one megaspore or female gametophyte develops, and this 
is called an embryo sac. The equivalent structure to a 
microsporangium is called a pollen sac. Within the pollen 
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sac many microspores develop which are called pollen 
grains. 


Evolution of seeds 


In seed plants, the megaspores are not released from the 
sporophyte, unlike the situation in more primitive hetero- 
sporous plants. Instead they are retained in the ovules 
(megasporangia) still attached to the sporophyte. Inside 
each megaspore, the female gametophyte (embryo sac) 
develops and produces one or more female gametes, or 
ova. Once the female gamete is fertilised, the ovule is 
called a seed. Thus a seed is a fertilised ovule. The ovule, 
later the seed, has the following main advantages associ- 
ated with it. 

(1) The female gametophyte is protected by the ovule. It is 
totally dependent upon the parent sporophyte and is 
not susceptible to desiccation as would be a free-living 
gametophyte. 

(2) After fertilisation it develops a food store, supplied by 
the parent sporophyte plant to which it is still attached. 
The food will be used by the developing zygote (the 
next sporophyte generation) at germination. 

(3) The seed is specialised to resist adverse conditions and 
can remain dormant until conditions are suitable for 
germination. 

(4) The seed may be modified to facilitate dispersal from 
the parent gametophyte. 

The seed is a complex structure because it contains cells 
from three generations, a parent sporophyte, a female 
gametophyte and the embryo of the next sporophyte 
generation. This is summarised in fig 3.34. All the 
essentials for life are supplied by the parent sporophyte, 
and it is not until the seed is mature, containing a food store 
and an embryo sporophyte, that it is dispersed from the 
parent sporophyte. 
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e Zygote or embryo of 
sporophyte (diploid) 


Evolution | of non-swimming male 
gametes, and fertilisation independent of 
water 


In the groups previously studied, sexual reproduction has 
been achieved by sperm swimming in surface moisture to 
the ova. With seed plants certain problems arise. Male 
gametes must reach the female gametes for fertilisation to 
be achieved and it has already been noted that male and 


female gametophytes develop separately, the latter being 
retained in the ovules of the sporophyte. Male gametes are 
produced by the male gametophytes inside the micro- 
spores, or pollen grains. Instead of developing as swim- 
ming sperm, the male gametes remain non-motile and are 


carried by pollen grains from the pollen sacs (microspo:in- 
gia) to the vicinity of the ovules. This transfer is colled 


pollination. The final stage of transfer involves growth of a 
pollen tube towards the ovule, down which the non-mv tile 
male gametes can pass to achieve fertilisation, At no stage 
then is water necessary for sperm. Only in a few primitive 
seed plants, such as the cycads, are sperm released from ‘he 
pollen tubes, an indication of a link with non-seed-be. ng 
plants. Fig 3.34 compares the life cycle of seed plants with 
representative non-seed-bearing plants in a way ihat 
emphasises the nature of seeds and the relations) ips 
between sporophyte and gametophyte generations 

The requirement for pollination is a possible disac^ in- 
tage since the process is likely to be haphazard and dift ilt 


to achieve, and the production of large amounts of pollen is 
biologically expensive. Originally pollination is thous): to 
have been achieved by wind. However, early in the 
evolution of seed plants flying insects appeared (in the 


Fig 3.34 Relationships between the gametophyte and 
sporophyte generations in different groups of plants 
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Carboniferous era about 300 million years ago) bringing 
the possibility of more efficient pollination by insects. One 
group of seed plants, the flowering plants, have exploited 
this method to a high degree. 


3.12 The chances of survival and de- 
velopment of wind-blown pollen grains (microspores) 
are much less than those of spores of Dryopteris. 
Why? 

3.13 Account for the fact that mega- 
spores are large and microspores are small. 


Classification and characteristics of 
Spermatophyta 


3.5.1 


Classification and characteristics of the Sper- 
matophyta are summarised in table 3.8. 

Table 3.8 shows the two groups of seed-bearing plants, 
the gymnosperms and angiosperms. The latter are com- 
monly known as the flowering plants. In gymnosperms 
ovules, later seeds, are located on the surfaces of 
specialised leaves called megasporophylls or ovuliferous 
scales. These are arranged in cones. In angiosperms seeds 
are enclosed, affording even more protection to the 
gametophyte and subsequent zygote. The structures 
enclosing the seeds are carpels and are thought to be 
equivalent to megasporophylls (leaves) which are folded 
up to enclose the ovules (megasporangia). One or more 
carpels may be present. 

The hollow base of a carpel, or group of fused carpels, is 
called an ovary. The ovary encloses the ovules. After 
fertilisation the ovary is called a fruit and the ovules are 
called seeds. Either the fruit or the seed (sometimes both) is 
modified to assist in dispersal. 


Fig 3.35 compares, by means of simple diagrams, the 
different spore-bearing structures of vascular plants and 
enables a comparison to be made of some of the terms 
which have been used. 


3.5.2 Class Gymnospermae - for example 


conifers, cycads, yews, ginkgos 


Characteristics of the Gymnospermae are 
summarised in table 3.8. 

Gymnosperms are a successful group of plants of 
worldwide distribution, accounting for about one-third of 
the world's forests. They are trees or shrubs, mostly 
evergreen, with needle-like leaves. The largest group are 
the conifers, a group containing trees which are found at 
higher altitudes and further north than any other trees. 
Conifers are commercially important as 'soft woods', being 
used not only for timber but for resins, turpentine and 
wood pulp. They include pines, larches (which are 
deciduous), firs, spruces and cedars. A typical conifer, 
Pinus sylvestris, the Scots pine, is described below. 


Pinus sylvestris is found throughout central and northern 
Europe, Russia and North America. It is native to 
Scotland, though it has been introduced elsewhere in 
Britain. It is planted for ornament and timber, being a 
stately, attractive tree up to 36 m in height with a 
characteristic pink to orange-brown flaking bark. It grows 
most commonly on sandy or poor mountain soils and 
consequently the root system is often shallow and spread- 
ing. Its external features are illustrated in fig 3.36. 

Each year a whorl of lateral buds around the stem grows 
out into a whorl of branches. The roughly conical 
appearance of Pinus and other conifers is due to the 


Table 3.8 Classification and characteristics of the Spermatophyta. 


Division Spermatophyta (seed-bearing plants) 


General characteristics 


Heterosporous, i.e. two types of spore: microspores and megaspores; microspore — pollen grain, megaspore — embryo sac 
The embryo sac (megaspore) remains completely enclosed in the ovule (megasporangium); a fertilised ovule is a seed. 


Sporophyte is the dominant generation; gametophyte generation is severely reduced 
Water is not needed for sexual reproduction because male gametes do not swim (except in a few primitive members); they are 


conveyed to the ovum by a pollen tube to effect fertilisation 
Complex vascular tissues in roots, stems and leaves 


Class Gymnospermae (mainly conifers; also yews, cycads, 
ginkgos and others) 


Class Angiospermae (flowering plants) 


‘Naked’ seeds: this means that the seeds are exposed, i.e. not 
enclosed in an ovary 


Usually cones on which sporangia and spores develop 
No fruit because no ovary 


No vessels in xylem, only tracheids; no companion cells in 
phloem, only albuminous cells (similar in function to 
companion cells, but different in origin) 


Seeds are enclosed in an ovary 


Produce flowers in which sporangia and spores develop 
After fertilisation, the ovary develops into a fruit 


Xylem contains vessels; phloem contains companion cells 


Subclasses Dicotyledones and Monocotyledones (see table 3.9) 
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transition from whorls of shorter (younger) branches at the 
tops to longer (older) branches lower down. The latter 
usually die and drop off as the tree grows, leaving the 
"a trees bare for some distance up their trunks (fig 
3.36). 

The main branches and trunk continue growth from year 
to year by the activity of an apical bud. They are said to 
show unlimited growth. They have spirally arranged scale 
leaves, in the axils of which are buds that develop into very 
short branches (2-3 mm) called dwarf shoots. These are 
shoots of limited growth and at their tips grow two leaves. 
Once the shoot has grown, the scale leaf at its base drops 
off leaving a scar. The leaves are needle-like, reducing the 
surface area available for the loss of water. They are also 
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stamen = microsporophyll 
pollen sac = microsporangium 
pollen = microspores 

carpel = megasporophyll 
ovule = megasporangium 


embryo sac = megaspore 


Fig 3.35 Diagrammatic comparison of spore-bearing 
structures in vascular plants (pteridophytes and 
spermatophytes) 


covered with a thick, waxy cuticle and have sunken 
stomata, further adaptations for conserving water. These 
xeromorphic features ensure that the tree does not lose too 
much water from its evergreen leaves during cold seasons, 
when water may be frozen or difficult to absorb from the 
soil. After two to three years the dwarf shoots and leaves 
drop off together, leaving a further scar. 

The tree is the sporophyte generation and is heterospor- 
ous. In spring, male and female cones are produced on the 
same tree. The male cones are about 0.5 cm in diameter. 
rounded and found in clusters behind the apical buds at the 
bases of new shoots. They develop in the axils of scale 
leaves in the place of dwarf shoots. Female cones arise in 
the axils of scale leaves at the tips of new strong shoots, at 
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some distance from the male cones and in a more scattered 
arrangement. Since they take three years to complete 
growth and development, they are of various sizes, ranging 
from about 0.5-6 cm on a given tree. They are green when 
young, becoming brown or reddish-brown in their second 
year. Both male and female cones consist of spirally 
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Fig 3.36 External features of the sporophyte generation of 
Pinus sylvestris, the Scots pine 


arranged, closely packed sporophylls around a central axis 
(fig 3.36). 

Each sporophyll of a male cone has two microsporangia 
or pollen sacs on its lower surface. Inside each pollen sac, 
pollen mother cells divide by meiosis to form pollen grains 
or microspores. Each grain has two large air sacs to aid in 
wind dispersal. During May the cones become yellow in 
appearance as they release clouds of pollen. At the end of 
the summer they wither and drop off. 

Each sporophyll of a female cone consists of a lower 
bract scale and a larger upper ovuliferous scale. On its 
upper surface are two ovules side by side, inside of which 
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one megaspore mother cell divides by meiosis to produce 
four megaspores. Only one of these develops. Pollination 
takes place during the first year of the cone's development, 
but fertilisation does not take place until the pollen tubes 
grow during the following spring. The fertilised ovules 
become winged seeds. They continue to mature during the 
second year and are dispersed during the third year. By this 
time the cone is relatively large and woody and the scales 
bend outwards to expose the seeds prior to wind dispersal. 


3.5.3 Class Angiospermae — 


n flowering 
plants 


Characteristics of the Angiospermae are 
summarised in table 3.8. 

Angiosperms are better adapted to life on land than any 
other plants. After their appearance during the Cretaceous 
period, 135 million years ago, they rapidly took over from 
gymnosperms as the dominant land vegetation on a world 
scale, and proliferated as different habitats were success- 
fully exploited. Some angiosperms even returned to fresh 
water, and a few to salt water, 

One of the most characteristic features of angiosperms, 
apart from the enclosed seeds already mentioned, is the 
presence of flowers instead of cones. This has enabled 
many of them to utilise insects, and occasionally birds or 

even bats, as agents of pollination. In order to attract these 
animals, flowers are usually brightly coloured, scented and 
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Fig 3.37 Angiosperm life cycle 


offer pollen or nectar as food. In some cases the flow ers 
have become indispensable to the insects. The result is 
that, in some cases, the evolution of insects and flowering 
plants has become closely linked and there are many highly 
specialised, mutually dependent, relationships. The flower 
generally becomes adapted to maximise the chances of 
pollen transfer by the insect and the process is therefore 
more reliable than wind pollination, Insect-pollinated 
plants need not, therefore, produce as much pollen as 
wind-pollinated plants. Nevertheless, many flowers are 
specialised for wind pollination. 


Life cycle 
The life cycle of a typical flowering plant is summarised in 
fig 3.37. 

The purpose of fig 3.37 is to emphasise the links with the 
life cycles of more primitive Plants, a detailed description 
of the life cycle being reserved for section 20.2. It is still the 
same, in essence, as that shown in fig 3.21. Note 
particularly the stages at which meiosis and mitosis occur. 
Gametes are still produced by mitosis, and spores by 
Meiosis, as in other plants with alternation of generations. 
Strictly speaking, the flower is an organ of both asexual and 
sexual reproduction since it Produces spores (asexual 
reproduction) within which gametes are produced (sexual 
reproduction). Note that a Pollen grain is a spore, not a 


Table 3.9 Major differences between dicotyledons and monocotyledons. 


Subclass Dicotyledones 


Subclass Monocotyledones 


Leaf morphology 
Lamina (blade) and petiole (leaf stalk) 


Dorso-ventral (dorsal and ventral surfaces differ) 


Stem anatomy Ring of vascular bundles 


Vascular cambium usually present, giving rise to 


secondary growth 


Root morphology 
lateral roots (secondary roots) 


Root anatomy 


Vascular cambium often present, giving rise to 


secondary growth 


Seed morphology Embryo has two cotyledons (seed leaves) 


Flowers Parts mainly in fours and fives 
Perianth segments differ, forming a calyx and 
corolla 
Often insect pollinated 

Examples Pea, rose, buttercup, dandelion 


Reticulate venation (net-like pattern of veins) 


Primary root persists as a tap root that develops 


Few groups of xylem (2-8) (see section 14.5) 


Parallel venation (veins are parallel) 
Lanceolate (elongate) 

Identical dorsal and ventral surfaces 
Vascular bundles scattered 


Vascular cambium usually absent, so no secondary 
growth (exceptions occur, e.g. palms) 


Adventitious roots from the base of the stem take over 
from the primary root, giving rise to a fibrous root 
system 


Many groups of xylem (commonly up to 30) 


Vascular cambium usually absent, so no secondary 
growth 


Embryo has one cotyledon 
Parts usually in threes 


Perianth segments identical, with no distinct calyx and 
corolla 


Often wind pollinated 
Grasses, iris, orchids, lilies 


male gamete, asit contains male gametes. As noted before, 
the pollen grain carries the male gametes to the female 
parts, thus avoiding the need for swimming sperm. 

The process of endosperm development is also shown in 
fig 3.37. The endosperm develops into a food store and the 
manner of its formation is unique to angiosperms. 


Dicotyledons and monocotyledons 


The angiosperms are divided into two major groups that 
may be given the status of classes or subclasses, depending 
on the classification scheme used. The most commonly 
used names for the two groups are the monocotyledons and 
dicotyledons, usually abbreviated to monocots and dicots. 
A summary of the ways in which they differ is given in table 
3.9. Few of the differences are diagnostic if used alone, 
since exceptions may exist, but a combination of several 
characters would lead to positive identification. The 
modern view is that monocots are the more advanced 
group, and that they probably evolved from primitive 
dicots. 

Angiosperms may be herbaceous (non-woody) or 
woody. Woody plants become shrubs or trees. They grow 
large amounts of secondary xylem (wood) that offers 
support, as well as being a conducting tissue, and is 
produced as a result of the activity of the vascular 
cambium. Herbaceous plants, or herbs, rely on turgidity 
and smaller quantities of mechanical tissues such as 
collenchyma, sclerenchyma and xylem for support, and 
they are consequently smaller plants. They either lack a 
vascular cambium or, if present, it shows restricted activity. 
Many herbaceous plants are annuals, completing their life 


cycles from germination to seed production in one year. 
Some produce organs of perennation such as bulbs, corms 
and tubers by means of which they overwinter or survive 
periods of adverse conditions such as drought (section 
20.1.1). They may then be biennial or perennial, that is they 
produce their seeds and die in their second year or they 
survive from year to year. Shrubs and trees are perennial, 
and may be evergreen, producing and shedding leaves all 
year round so that leaves are always present, or deciduous, 
shedding leaves in seasons of cold or drought. 

The morphology (structure) of representative angio- 
sperms will be described in figs 3.38-41 to illustrate their 
diversity. 


(a) (b) 


te tt - = 
Fig 3.38 Structure of a (a) monocot and (b) a dicot leaf 
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(a) node meristem from 
which leaf and 
internode grow; 


internode 
hollow 


30-120 cm high, 
forming large 


$ grasses) 
tussocks; widespread 
in Britain in water leaf sheath 
meadows, wet " 
d — — — — third node 
roadsides; perennial 4 __stem-unbranching; elongates rapidly 


| a culm 
young shoot - in which blade of second leaf 
internodes have not 
yet elongated; nodes 
close together and 
hidden by leaf 
sWāths at base of 
shoot 


second and third node 
second node 


dry and brown 
— first node 


`n adventitious roots- 
growing from bases 
of stems; form a 
fibrous rooting 
system with no tap 
TOOL 


stem = nodes + internodes 
leaf = blade + sheath 


(c) 


anther = 
stamen 


filament 


iias uen ) 


Fig 3.39 (above) Vegetative and floral morphology of the 
grass meadow fescue (Festuca pratensis), an herbaceous 
monocotyledon. The second leaves are shaded. Leaves are 
typically in two rows, alternating on opposite sides of the 
stem. (a) Vegetative morphology. (b) Floral morphology — the 
inflorescence. (c) Detail of one open flower or floret: two small 
petal-like structures (lodicules) which enclose the ovary have 
been omitted 
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H 
uU solid, unlike 
internode 
^ stem 
leaf blade parallel 
veins 


____ ligule membranous 


S j 
*.— — auricles small 
li pointed projections 
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just before flowering and then called 


sheath of second leaf - cylindrical and 
enclosing part of internode between 


— — remains of first leaf sheath - 


inflorescence 
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panicle) 


licel 


flowers - 5-14 in 
each spikelet 


modified leaves enclosin 
flower or floret 


— — feathery stigma traps 
wind-blown pollen 


NN 


Fig 3.40 (opposite top) Vegetative and floral morphology of 
the creeping buttercup (Ranunculus repens), an herbaceous 
dicotyledon. It is a common perennial plant throughout Britain, 
found in wet fields, woods, gardens and on waste ground 


Fig 3.41 (opposite below) Vegetative and floral morphology 
of the wild Rhododendron, R. ponticum, an evergreen 
dicotyledonous shrub. It is commonly planted in woods and 
gardens. Originally introduced, it has become naturalised, 
favouring acid soils (sandy or peaty) on heaths and in woods 
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Fig 3.42 Vegetative and floral morphology of the horse chestnut (Aesculus hippocastanum), a deciduous dicotyledonous | 


The tree may reach 30 m or more in height 


3.5.4 Summary of adaptations of gymno- 


sperms and angiosperms to life on 
land 


In section 3.3 the problems associated with the 
transition from an aquatic to a terrestrial environment were 
discussed and summarised. Having studied representatives 
of the major groups of land plants we can return to consider 
why the gymnosperms and angiosperms are so well adapted 
to life on land. Their major advantage over other plants is 
related to their reproduction. Here they are better adapted 
in three important ways. 

(1) The gametophyte generation is very reduced. It is 
always protected inside sporophyte tissue, on which it 
is totally dependent. In mosses and liverworts, where 
the gametophyte is dominant, and in ferns where it is a 
free-living prothallus, the gametophyte is susceptible 
to drying out. 

(2) Fertilisation is not dependent on water as it is in other 
plant groups, where sperm swim to the ova. The male 
gametes of seed plants are non-motile and are carried 
within pollen grains that are suited for dispersal by 
wind or insect. Final transfer of the male gametes after 
pollination is by means of pollen tubes, the ova being 
enclosed within ovules. 

(3) The seed is a structure found only in spermatophytes 
among modern plants. Its development is made 
possible by the retention of ovules and their contents 

on the parent sporophyte. 
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Other ways in which spermatophytes are adapted to lile on 
land are summarised below and discussed in more detail 
elsewhere in the book. 

(a) Xylem and sclerenchyma are lignified tissues providing 
support in all vascular plants. Many spermatophytes 
show secondary growth with deposition of large 
amounts of wood (secondary xylem). Such plants 
become trees or shrubs. 

True roots, also associated with vascular plants, enable 
water in the soil to be exploited efficiently. 

The plantis protected from desiccation by an epidermis 
with a waterproof cuticle, or by cork after secondary 
thickening has taken place. 

The epidermis of aerial parts, particularly leaves, is 
perforated by stomata, allowing gaseous exchange 
between plant and atmosphere. 

Plants show other adaptations to hot dry environments 
(xeromorphic adaptations) as described in sections 
18.2.3 and 19.3.2. 


(b) 
(c) 


(d) 


(e) 


3.6 


Comparative summary of 


land 
plants 


Fig 3.43 provides a summary of some of the 
key features of the land plants discussed in this chapter, 
with particular emphasis on life cycles. 


Presence or absence of 
vascular tissue (xylem 
and phloem) 


BRYOPHYTA (liverworts 
and mosses) 
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Funaria, a moss 


non-vascular 


PTERIDOPHYTA (ferns, clubmosses, horsetails 


and others) 


Dryopteris, a fern 


vascular 


Selaginella, a clubmoss 


vascular 


SPERMATOPHYTA 


(seed plants) 


Angiospermae (flowering 
plants) 


vascular 


Relative importance of 
sporophyte and 

gametophyte generations 
in life cycle 
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sporophyte (27) 
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wimming sperm; 


free-swimming sperm; 


free-swimming sperm: 
therefore water needed 


non-motile nuclei inside 
pollen; pollination 
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Fig 3.43 Comparison of bryophytes, pteridophytes and spermatophytes 
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Chapter Four 


Variety of life- animals 


As discussed at the beginning of chapter 2, it is believed 
that at some point in time two distinct lines evolved from 
the very earliest cell forms. They were a group without a 
nuclear envelope enclosing the nuclear material, the 
prokaryotes, and a group with a nuclear envelope enclosing 
a true nucleus, the eukaryotes. 

At the beginning of chapter 3 it was stated that the algae, 
fungi, slime moulds and protozoa might have evolved from 
a more primitive group of eukaryote ancestors which 
contained the flagellates. The flagellate group that exists 
now contains three types of organisms: those that possess 
chlorophyll and carry out photosynthesis (autotrophic 
nutrition) as in true plants, and do not feed heterotrophi- 
cally, but can also move about and respond to stimuli in a 
way characteristic of animals; those that have lost their 
chlorophyll, probably by mutation, and feed only hetero- 
trophically; and those that are able to photosynthesise and 
feed heterotrophically. 

The existence of organisms that display both animal and 
plant-like characteristics suggests that there were no real 
differences between animal and plant cells at an early stage 
in evolution, and that the flagellates are not too distant 
from the ancestors of all plants and animals. 

The Protozoa are the most ‘animal-like’ unicellular 
organisms, yet even within this group are sometimes placed 
flagellate organisms (euglenoids) which display a mixture 
of plant and animal features. Their close resemblance to 


earliest cells 


prokaryotes 
(Monera) 


bacteria 


blue-green 
algae 


(all these forms lack a nucleus) 


Fig 4.1 Possible early cell evolution 


the animal-like members of the Protozoa seems to confirm 
the ancestral affinities between the Protozoa and flagel- 
lates (fig 4.1). 


4.1 


Phylum Protozoa 


The protozoa (protos, first; zoon, animal) are 
a highly successful and diverse group of organisms. There 
are over 50 000 known species, and they are found in all 
environments where water is present. Each protozoan 
functions as an independent protoplasmic unit and is able 
to perform effectively all the activities necessary for life 
(table 4.1). 

Within the phylum there exists a range of different levels 
of protoplasmic organisation. In the simplest forms (such as 
Amoeba proteus) the protoplasm is relatively undifferenti- 
ated and there are few organelles which can be related to 
any specific activity. In the more advanced protozoa (for 
example Paramecium caudatum) organisation has become 
highly complex. Here, elaboration of the protoplasm into 
numerous highly efficient organelles has enabled these 
organisms to perform particular activities much more 
effectively. 

It is a matter of debate whether a protozoan should be 
regarded as unicellular or non-cellular (acellular). The 
term unicellular will be used in this book. Non-cellular 


eukarvotes 
(Protista) 


(acquired nucleus enclosed in 
nuclear membrane, chromosomes, 
endoplasmic reticulum, division 
by mitosis and meiosis: 
polytrophic nutrition) 


flagellate form 


(plus pseudopodia, mitochondria, 
Golgi apparatus, photosynthetic 
pigments) 


PT 


algae 


fungi protozoa 


slime moulds 
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Table 4.1 Classification 


of subkingdom Protozoa. 


Subkingdom Protozoa 
Phylum Protozoa 


Characteristic features 
Unicellular 

No tissues 

Specialised parts of proto 


plasm form organelles 


Exhibit all forms of heterotrophism ] 
Reproduction by fission; gametic fission when whole animal breaks up into gametes 


NB Compound Protozoa - these have more elaborate organelles and their structure foreshadows the Metazoa 
(a) every cell is capable of reproduction . ) 
(b) all cells are structurally and physiologically similar and not organised into primary germ layers 


Class Flagellata/Mastigophora Class Rhizopoda/Sarcodina Class Ciliata/Ciliophora Class Sporozoa 
Some possess chromatophores, No chromatophores No chromatophores No chromatophores 
others do not 
Semi-rigid cell Some secrete tests, shells or Pellicle Pellicle 
Covering is a pellicle skeleton, others possess no 
specific outer covering 
Definite shape Variable shape Definite shape Definite shape 
Adult movement by one or Adult movement by Adult movement by Most exhibit no externa 
several flagella pseudopodia numerous cilia arranged in structures for locomot any 
tracts movement is limited 


One nucleus 


Asexual reproduction by 


One nucleus 


Asexual reproduction by 


longitudinal binary fission binary fission 


Multiple fission in cyst 


e.g. Euglena 
Peranema 
Trypanosoma 


May sporulate 


e.g. Amoeba 
Arcella 
Polystomella 


Macronucleus and micronucleus One nucleus 


Asexual reproduction by Asexual reproduction bv «pores 
transverse binary fission and schizogony (growth and 
reproduction) 
Sexual reproduction by Sexual reproduction occurs in the 
conjugation life history 
Rarely sporulate Large numbers of resistant «pores 
after syngamy 
e.g. Paramecium e.g. Monocystis 
Vorticella Plasmodium 
Stentor 


rod organelle 


locomotory [e] 

flagellum o 
o 

nucleus ® 


zone of hyaline 
cytoplasm 
cytopharynx 


oil droplet 


food vacuole 


trailing flagellum 
attached to pellicle 


paramylon granule 
(paramylum) 


Fig. 4.2 Peranema trichophorum showing the main structures 


visible under the light mic 
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roscope 


implies an equivalence between the whole body of the 
protozoan, which exhibits all the attributes of life. and the 
whole body of a multicellular animal, If protozoa are to be 
called unicellular, then comparison must be made between 
the whole protozoan body and a single cell of the body of a 
multicellular animal. 

When the body of a higher animal is compared with that 
of a protozoan, it is obvious that structurally the protozoan 
is much simpler. However, if individual cells from the 
higher animal are compared with the protozoan the story is 
quite the opposite. Because the protozoan has to accomp- 
lish all of life’s processes it is not surprising that it exhibits a 
much more complex protoplasmic organisation than that of 
higher animal cells. Cells of the higher animal are usually 
designed to perform only one specific function. Conse- 
quently these cells exhibit a diminished level of protoplas- 


mic complexity but an increased efficiency in performing 
their specific functions. 


4.1.1 Class Flagellata (Mastigophora) 


Peranema (fig 4.2) is an example of a flagel- 
late, and its resemblance to Some species of Euglena is 


nucleus 


plasmasol _ 


plasmagel 


excretory crystals. 


plasmalemma 


mentioned in chapter 3, section 3.2.6. The problems of 
classifying Euglena are also discussed in the latter section, 
and it is noted that Euglena spp. are sometimes included 
among the flagellate protozoans. 

Peranema is predatory and feeds on organisms such as 
Euglena. A ‘rod organelle’ located near the cytostome 
touches the prey, protrudes and becomes attached to its 
surface. The anterior end then dilates and envelops the 
victim, the rods helping to push it through the cytostome. 
"They may also shred the prey to some extent, so exposing 
its inner parts to enzyme action. Swallowing takes about 
eight minutes to complete, and the prey is then digested 
within food vacuoles. 


4.1.2 Class Rhizopoda (Sarcodina) 


Amoeba (fig 4.3) is a well-known example of 
the Rhizopoda. When compared with ciliates or flagellates 
Amoeba shows little real protoplasmic differentiation 
either in its surface layer or within the cell. This may, in 
part, be due to the nature of its locomotory process which 
requires considerable cytoplasmic mobility. Nevertheless, 
its apparent simple construction is deceptive and it should 
be remembered that this animal is sufficiently well 
organised to carry out effectively all of the processes for life 
within its own minute mass of protoplasm. 

Amoeba is a free-living microscopic animal found living 
on the mud at the bottom of shallow freshwater ponds and 
streams where there is some movement of water. It is 
omnivorous feeding on a varied diet of algae, ciliates and 
flagellates. It measures approximately 0.1 mm in diameter 
and is composed of protoplasm surrounded by a delicate 
plasmalemma. The protoplasm is subdivided into a nucleus 
and cytoplasm. The nucleus is embedded in the cytoplasm 
but occupies no fixed position. It is concerned with the 
organisation and integration of the animal's metabolic and 
reproductive processes. 

The cytoplasm is differentiated into an outer layer of 
clear plasmagel called ectoplasm, and an inner mass of 
granular plasmasol, or endoplasm. The endoplasm contains 


i 
contractile 
vacuole 


— pseudopodium 


fat droplet 


2 b. qM vacuole 


Fig 4.3 Amoeba proteus — structures visible under the light 
microscope 


fat droplets and a variety of vacuoles containing food 
matter in various stages of digestion, indigestible remains 
of food and crystals of excretory materials. It possesses a 
variable number of transient contractile vacuoles, which 
regularly become filled with water from the cytoplasm and 
then ultimately expel it into the surrounding pond water. 
The vacuoles perform an osmoregulatory function for the 
animal. 

The animal constantly changes shape. This is brought 
about by temporary outpushings of the cytoplasm, called 
pseudopodia, which are regularly formed at any part of the 
animal's surface. These lobose pseudopodia are used for 
locomotion and feeding. 

Amoeba does not possess any specific sensory 
organelles, however it is able to respond to a variety of 
stimuli. For example, it can discriminate between different 
types of food, it moves away from bright light, strong 
chemical solutions and persistent mechanical irritation. 
Violent disturbances cause it to withdraw all pseudopodia 
and remain stationary for some time. 

Asexual reproduction takes place by binary fission. This 
form of mitotic cell division is triggered off in response to 
limits imposed either by the surface area to volume ratio, 
and/or the ratio between cytoplasmic volume and nuclear 
volume. The nucleus, which contains between 500—600 
very small chromosomes, divides first. This is followed by a 
constriction and elongation of the cytoplasm which forces 
the daughter chromosomes apart and towards their 
respective poles. Ultimately two daughter amoebae of 
roughly equal proportions separate from each other. 
Under ideal conditions the whole process can be completed 
within 30 min. Each daughter Amoeba then proceeds to 
feed and grow to maximum size. 
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This particular form of reproduction is thought to be the 
only one that occurs in Amoeba proteus. Earlier reports of 
sporulation and cyst formation are now disregarded. 
However both of these activities do take place in other 
species of Amoeba. 


4.1.3 Class Ciliata (Ciliophora) 


Paramecium (fig 4.4) is a well-known ciliate. It 
demonstrates a very high degree of protoplasmic dif- 
ferentiation, exhibiting many complex organelles which 
have been designed to perform specific functions for the 
organism. Not only does its structure show specialisation, 
but its reproductive activity is also complex. 

Paramecium lives in stagnant water, or slow-flowing 
fresh water containing decaying organic matter. It posses- 
ses a constant elongate body shape with a blunt anterior 
end and a tapered posterior. Its whole body is covered by a 
thin, flexible pellicle. The pellicle has a uniform 
appearance, being composed of a lattice of hexagonally 
shaped pits each perforated by a pair of cilia. The whole 
body of the organism is covered with cilia, which are 
generally arranged in longitudinal rows, diagonally aligned 
along its length (fig 4.5). Perforating the ridges of each pit 
are holes which provide the exits for flask-shaped struc- 
tures called trichocysts. When stimulated, fine, sharply 
tipped threads are discharged from them. They serve as a 
means of anchorage during feeding activity (fig 4.6). 

Beneath the pellicle is a clear layer of firm plasmagel, the 
ectoplasm which exhibits considerable protoplasmic comp- 
lexity. Kinetosomes, the structures from which cilia are 
formed, are found here. A single fibril (Kinetodesmal fibril) 
arises from each kinetosome and extends forwards and 


(a) (b) 
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Fig 4.4 (a) Paramecium caudatum — structures visible under 
the light microscope. (b) Micrograph of Paramecium 
caudatum showing structural details (x 832) 
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cilia 


alveole — 


cytoplasm 


basal body 
(kinetosome) 


bliquely to its right. It joins other fibrils from adjacent 

kinetosomes to form a longitudinal bundle of striated 
s. called a kinetodesma. The kinetosomes and fibrils of 

| particular row are collectively known as a kinety. There is 
ilso a dense network of fibrils situated in the endoplasm 
the eytostome. This is the motorium. It has branches 
which interconnect with the fibrils of the ectoplasm, and 
the whole fibrillar system is thought to be the controlling 

entre for ciliary activity. 

^t the boundary between the ectoplasm and the more 
ir endoplasm are large bundles of microfilaments 
called M fibres (myonemes). These are contractile in their 
activity and promote a change of shape in Paramecium to 
enable it to squeeze through narrow spaces. 

Near the anterior end of the animal, and on its ventral 
surface, is a permanent ciliated shallow depression called 
the oral groove. It extends backwards, and tapers into a 
much narrower tube-like gullet at the end of which is a 
portion of naked endoplasm, the cytostome (mouth). 
Within the gullet are rows of closely packed cilia arranged 
into sheets (undulating membranes). When feeding, the 
cilia of the oral groove suck a current of water, containing 
bacteria and other suspended particles, into the gullet. The 
gullet cilia drive the food into the cytostome. Here the 
food particles, together with a drop of water are enclosed in 
a food vacuole and ingested into the endoplasm. These 
vacuoles move away from the cytostome and begin to 
follow a distinct pathway through the endoplasm as a result 
of cyclosis (the circulation of organelles within the cell 
cytoplasm). Any indigestible material is egested at a fixed 
point, the cytoproct, by active vacuolar activity (exo- 
cytosis). 

Two fixed contractile vacuoles are present in the 
endoplasm. Both are dorsally situated, one at the anterior 
end, the other at the posterior end. Around each 
contractile vacuole are a number of radial canals which fill 
with fluid before emptying into the main vacuole. The 
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] kinetodesma 


— — undischarged 
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Fig 4.5 Pellicle and infraciliature of Paramecium caudatum, 


taken from electron micrographs and based upon the work of 
Grell, Ehret and Powers 


posterior contractile vacuole empties and fills at a faster 
rate than the anterior one, because of greater endosmosis 
(intake of water) in the region of the gullet. 

Dorsal to the gullet, and towards the centre of the body, 
lie the two nuclei. The larger, bean-shaped macronucleus is 
polyploid; it controls metabolism and differentiation 
within the animal. The micronucleus is diploid; it controls 
reproductive activity and gives rise to new macronuclei. It 
is always active when nuclear reorganisation takes place 
during the life history of the animal. 

Paramecium swims by the rhythmic beating of its cilia. 
Each cilium beats a little in advance of the one immediately 
behind so that waves of ciliary activity pass over the animal 
(metachronal rhythm). The direction of each wave is 
slightly oblique, causing the animal to swim in a spiral 
manner and at the same time to rotate about its 
longitudinal axis. 

Detection of external stimuli probably takes place 
through the cilia, especially the stiff, non-locomotory ones 
at the posterior end. Paramecium is sensitive to touch, 
different concentrations of chemicals, oxygen and carbon 
dioxide levels, and changes in light intensity. If it 
encounters unfavourable conditions, or meets an obstruc- 
tion, Paramecium is able to stop its cilia beating, reverse 
their beat, and then swim forward at an angle to its original 
path. This is continued until a clear route, or favourable 
conditions, are restored. It is an example of trial and error 
behaviour and tends to keep the animal in an optimum 
environment. The position of the motorium near the 
mouth, and its connections with the kinetodesmata make it 
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ideally placed to receive and respond in advance of 
conditions ahead of the animal (fig 4.7). 

Most species of Paramecium divide asexually by means 
of transverse binary fission. Both nuclei increase in size 
elongate and pull themselves apart. The macronucleus 
divides amitotically, randomly distributing its chromo- 
somes between the two newly formed macronuclei. The 
micronucleus undergoes mitosis. A spindle forms within its 
nuclear membrane and very small chromosomes are shared 
between the two daughter micronuclei in the normal 


Ss 


(8) 


e 
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Fig 4.8 (a) Conjugation in Paramecium caudatum 


Fig 4.7 Avoiding reaction of Paramecium 


manner. A cytoplasmic constriction forms around the 
middle of the animal which finally ruptures, producing two 
daughter paramecia. By the time separation is complete, 
both daughters have a full complement of organelles. 

At times of food shortage, a form of sexual reproduction 
called conjugation occurs (fig 4.8a). It only takes place 
between compatible mating types of the same species. 
Meiosis and nuclear exchange take place resulting in the 
production of offspring with a wide variety of genotypes. 
The process is as shown in fig 4.8a. 


(1) Two different compatible mating types (conjugants) 
adhere to each other at their oral grooves. 

(2) The pellicle breaks down and a cytoplasmic bridge is 
established between them. Attachment can last several 
hours. Respective macronuclei disintegrate. Each 
micronucleus divides meiotically to form four daughter 
micronuclei. 

(3) Three micronuclei disintegrate and disappear. Which 
shall disappear and which survive depends on their 
relative positions in the cytoplasm. 

(4) The remaining nucleus in each conjugant divides once 
mitotically to form two identical gametic nuclei. One 
gamete remains stationary ('female' nucleus), whilst 
the other (*male' nucleus) migrates via the cytoplasmic 
bridge into the opposite conjugant. 

(5) The male and female nuclei fuse to form a zygotic 
nucleus (synkaryon). Exchange of genetic material is 
now complete. 

(6) Conjugants separate and are called ex-conjugants. The 
zygotic nucleus of each divides mitotically to form eight 
daughter nuclei. 

(7) Four become macronuclei and four micronuclei; then 
three micronuclei degenerate. 

(8) Binary fission of each ex-conjugant takes place. Two 
macronuclei enter each new cell and each micronuc- 
leus undergoes mitosis. 

(9) Further binary fission results in separation of macro- 
nuclei and another mitotic division of the micronuc- 
leus. The end result is four daughter paramecia formed 
from each ex-conjugant. 


oo 
on 


Continued amitotic division of the macronucleus during 
binary fission leads to unequal distribution of its chromo- 
somes. This upsets the normal coordinated activity of 
Paramecium and leads to ‘depression’. The situation can be 
rectified by a process called autogamy, a modified form of 
sexual reproduction which occurs every 3-4 weeks (fig 
4.8b). It leads to the production of new macronuclei 
containing the ‘normal’ number of chromosomes, and is a 
type of self-fertilisation occuring within a single individual. 
It occurs as shown in fig 4.8b. 


(1) The micronucleus divides into eight haploid nuclei. Six 
of the nuclei break down. The macronucleus degener- 
ates. 

(2) The two remaining nuclei fuse to form a zygotic 
nucleus. 

(3) The zygotic nucleus divides twice to form four nuclei, 
two of which become macronuclei and two micro- 
nuclei. 

(4) Binary fission occurs to produce two daughter 
paramecia. Normal nuclear condition of the macro- 
nucleus has thus been restored. 


(2) 


(3) 


Fig 4.8 (b) Autogamy in Paramecium caudatum 
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Fig 4.9 The siliceous ‘skele 
(Euplectella). This is a deep 
Parazoa — the sponges 


ton' of Venus flower basket 
sea member of the subkingdom 


4.2 


Table 4.2 Classification of subkingdom Parazoa. 


Subkingdom Parazoa 


Subkingdom Parazoa 
Phylum Porifera (pore-bearing) — sponges 


Characteristic features 
Some cellular differentiation, but no tissue organisation 


lwo layers of cells — outer pinacoderm and inner choanoderm (of collared flagellate cells) 


sessile 


rine 
y frequently lacks symmetry 
vody cavity 
rous pores in body wall 


a skeleton of calcareous or siliceous spicules, or horny fibres 


rentiated nervous system 
eproduction by budding 
ermaphrodite, most protandrous 
ic development includes blastula and larval stages 
nerative power 


C phylum — it has not given rise to any other group of organisms 


irea (calcareous spicules) e.g. Leucosolenia, Sycon 


exactinellida (siliceous six-rayed spicules) e.g. Euplectella (Venus flower basket) 


pongiae (siliceous spicules, not six-rayed; or spongin fibres; or without skeletal elements), bath sponges e.g. Halichondria 


3 Subkingdom Metazoa 


Metazoa are complex multicellular, hetero- 
irophic organisms. Within the multicellular body similar 
cells operate collectively and become specialised func- 

to form tissues. Many different tissues can be 
i, cach performing different functions. This is called 
‘icrentiation or division of labour within the organism 
may be extensive. The advantage of this is that 
senerally perform specific tasks more effectively 
than individual cells. 

Cellular activity in a tissue is coordinated so that the cells 
collectively function as a unit. A number of tissues may 
work together as an organ, and a group of organs working 
together forms an organ system. Just as cells are unable to 
act independently within a tissue, so organs and organ 
systems are subordinate to some means of coordination by 
the body. The net effect is an overall cooperation between 
the various systems which enables the organism to live as an 
effective, unique individual entity. The development of 
specific tissues, organs and organ systems is a feature of 
metazoan organisation and will be discussed in greater 
detail throughout the course of this chapter. 


4.3.1 Phylogenetic origins of the Metazoa 


It is most probable that the Metazoa origin- 
ated from the Protista, but it is much less certain which of 
the protistan groups, or how many of them, might have 
been ancestral. Two main hypotheses have been discussed 


in recent years. The first was put forward by Haekel in 
1866. He suggested that certain protista, probably proto- 
zoa, divided repeatedly into daughter cells which failed to 
separate. Some anatomical and functional differences 
arose between the collection of cells, leading to specialisa- 
tion. This produced a multicellular organism showing 
limited division of labour: in effect a forerunner of the 
coelenterates. It is probably true that the Parazoa arose in 
this way. Some parazoan cells are almost identical to a 
family of flagellates called choanoflagellates, and it is likely 
that the sponges evolved from a colonial form of them 
(colonial theory). 

The second hypothesis was put forward by Hadzi in 1944, 
who suggested that the nucleus of a protozoan divided 
repeatedly to give a multinucleate protozoan. This condi- 
tion is seen today in the ciliated opalinids and in the 
Cnidosporidia. Subsequent internal division produced a 
multicellular condition (syncitial theory). This hypothesis 
has been widely accepted as a means of explaining how all 
metazoa other than the sponges have originated. What is 
more, Hadzi proposed that the turbellarian platyhelminths 
were the most primitive metazoa, not the coelenterates. He 
suggested that the platyhelminths evolved as a result of 
internal division of multinucleate protozoa, and that the 
coelenterates arose from the Turbellaria after some of 
them had adopted a sessile mode of life. To support his line 
of argument Hadzi pointed out that bilateral symmetry 
already existed in many of the advanced protistans and 
that the coelenterates may not be strictly diploblastic 
(two-layered), as cells are often found in the mesogloea 
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(fig 4.13). The covering of cilia over the turbellarian body 
also suggests possible relationships with ciliates. 

Nevertheless, because the coelenterate type studied in 
this book possesses a construction that is simpler than in the 
platyhelminths mentioned, it has been decided to place it 
before the platyhelminths in the study of the various animal 
phyla. However, this must not be judged to be an 
indication of its actual point of origin. This is still a point of 
great debate amongst zoologists. 


4.3.2 Trends in the Metazoa 


The onset of multicellularity and the increas- 
ing size of the organisms produced many physiological and 
anatomical problems which it was necessary for the 
metazoa to solve if they were to be successful. Some of the 
more important ones, and the ways they have been 
overcome, are summarised as follows. 

(1) Large animals, with many cells require much more 
food than the uni-cellular protozoa. 

(2) Metazoa have become entirely heterotrophic, and in 
most cases holozoic (section 10.1.1). 

(3) Development of an alimentary canal has enabled the 
metazoa to ingest large food particles, digest them 
and absorb the soluble products. This is followed by 
the egestion of insoluble food remains. 

(4) A variety of feeding habits has been developed, 
incorporating carnivorous, herbivorous and omnivor- 
ous modes of life. Some are parasitic. 

(5) To meet increased demands for food, and to enable 
organisms to search for it, an efficient means of 
locomotion has been devised. 

(6) Muscle and skeletal systems (exo- or endoskeletons) 
have been developed to (a) aid maintenance of 
general body shape, (b) protect and provide support 
for inner structures, and (c) provide propulsive forces 
that will enable the organism to move. 

(7) Most metazoa have adopted a bilaterally symmetrical 
shape. This gives a compact, generally elongated 
form which offers least resistance to movement. It 
also confers anterior, posterior, dorsal, ventral, right 
and left aspects to the animals. These areas may 
undergo further specialisation in different organisms. 
(NB Coelenterates and echinoderms are notable 
exceptions. They are sessile or slow moving. The 
former exhibit radial symmetry whilst the latter 
exhibit pentamerous symmetry. This enables them to 
encounter environmental changes from all direc- 
tions.) 

(8) Development of a central nervous system has occur- 
red to coordinate all body activities. Sence organs 
receive stimuli, the central nervous system processes 
the information, and effectors produce an appropri- 
ate response. 

(9) The major sense organs and nerve centres become 
situated at the anterior end of the body. Here they are 
ideally placed to be the first structures to encounter 
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any environmental changes ahead. This process is 
called cephalisation and results in the formation of a 
definite head region. 

(10) The nervous system is complemented by the parallel 
development of another coordinating system. the 
endocrine system (section 16.6). Together they serve 
to maintain the animal's steady state. 

(11) Increase in size causes the spatial problem o! the 
separation of central tissue from the body wall and the 
environment. Hence there has been the development 
of a transport system. This consists of a fluid ‘sue, 
usually blood, pumped around the body in vess: © bya 
muscular heart or contractile vessels. 


(12) The transport system provides a means by . hich 
oxygen, carbon dioxide, soluble food and exci ‘ory 
materials are transported throughout the bocs At 
various points they may be taken up and utilis | by 
the tissues, or expelled from the body. 

(13) The relatively impermeable outer coveriny of a 
metazoan means that there are few areas which |. be 
used for exchange of materials between the bi ind 
its surrounding environment. This adds to the need 
for an efficient transport system. 

(14) The development of a complex metazoan body oma 
single-celled zygote is often a long, complex process. 
It is therefore necessary for a period of emh: sonic 
development to take place, quite often followe. bya 
larval phase and metamorphosis, before the adult 


form is achieved. 


4.4 
44.1 


Phylum Coelenterata 


Class Hydrozoa 


The majority of animals in this class are 
marine, but the genus Hydra is found in fresh wate: 
Obelia (fig 4.11) is a marine form and lives in shallow 
coastal waters attached to rocks, shells, seaweeds or 
wooden piles. It exists in two distinctly different forms 
during its life history. There is a sessile form, comprising of 
branching colonies of numerous minute hydroid polyps. 
Growing in the angles of the lower branches are blastostyles 
which give rise, by budding, to small swimming medusae. 
The medusa is the active free-living form of the animal. It 
provides a means of dispersal, and is the only form that is 
able to reproduce sexually. There are no special 
osmoregulatory mechanisms in either form as their cell 
contents are isotonic with sea water. Gas exchange is by 
diffusion over the whole surface. 


The colonial form 


The colony consists of many hydroid individuals, each 
interconnected by a thin hollow tube, the coenosarc. 
Characteristically the coenosarc consists of a continuous 
cavity, the enteron, running throughout the colony. 
surrounded by a wall composed of outer ectodermis. 
mesogloea and inner endodermis. At the end of each branch 
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(a) Actinia (beadlet anemone) The 
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(e) Physalia diagrammatic Fig 4.10 A variety of coelenterates 
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Fig 4.11 Life cycle of Obelia 
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(2n. 


settles to bottom, 
attaches at one end, 
develops mouth and 
tentacles at other 


v 


j 
ciliated planula larva 


subumbrellar view of | 
medusa -single-sexed 


gonad 
radial canal 
manubrium 
mouth 


statocyst 


meiosis 


© "a 


spherical egg (n) flagellate spe 


shed into surface waters 
after which medusa dies 


fertilisation 


©) 


zygote (2n) 


mitosis 


blastula 


Mitosis 


gastrulation occurring 


Table 4.3 Classification of phylum Coelenterata. 


Phylum Coelenterata (Cnidaria) 


Characteristic features 


Dibloblastic metazoa: body wall composed of two layers of cells, an outer ectoderm and an inner endoderm: these layers are separated 
by à structureless, gelatinous layer of mesogloea which may contain cells that have migrated from the other layers 


Tissue level of organisation achieved 


opening for ingestion and egestion 
symmetry exhibited 


ta 


cavity, corresponds to the coelenteron; primarily inhalent, secondarily exhalent 


polyp forms which may be solitary or colonial; medusoid forms, free swimming and solitary 


ervous system is a collection of cells forming an irregular net or plexus 


| reproduction by budding or strobilation 
eproduction produces characteristic planula larva 


irphism exhibited, but most individuals reducible either to hydroid or medusoid type 


lrozoa 


Class Scyphozoa 


Class Anthozoa 


) dominant 
1 simple 


Polyp present 


senteries 
No gullet 

Gonads endodermal 
Polyp is the hydratuba 
Nematocysts 


e.g. Aurelia (jellyfish) 


el 
ectodermal 
solitary or colonial 


Large medusa dominant 
Mesenteries present only in young polyp 


Polyp only 
No medusa 


Large mesenteries normally present 
Gullet lined by ectoderm 
Gonads endodermal 
Polyps solitary or colonial (in corals) 
Nematocysts 
e.g. Actinia (anemone) 

Madrepora (coral) 


thread 


V 
cysts contained 
n nematoblasts 


cnidocil 


(b) 


operculum 


fc) 


(d) 


Fig 4.12 (a) Portion of tentacle of hydranth showing 
batteries of nematoblasts. (b) Discharged penetrant 
nematocyst. (c) Volvant nematocyst. (d) Glutinant nematocyst 


the coenosarc continues into a cup-shaped structure, the 
hydranth (hydroid polyp). The coenosarc secretes outside 
itself a thin protective exoskeleton of chitin, the perisarc. 
This expands around the hydranth to form a hydrotheca. 
All hydranths are feeding structures and their collective 
activity supplies the whole colony with an adequate means 
of nourishment. Much of the structural organisation of the 
hydranths can be directly related to their function. Each 
hydranth is sac-like in shape and possesses an oral aperture 
at its apex. Surrounding the oral aperture is a circle of 
approximately 24 tentacles which are used to capture food 
which is generally small crustacea. Each tentacle consists of 
an internal layer of endodermal cells surrounded by an 
external covering of ectodermal cells. Being sessile, Obelia 
has to rely for its food source on water currents carrying 
prey, or prey swimming towards it. The radial symmetry of 
the hydranths and the branched nature of the whole colony 
enable the tentacles to sweep through large quantities of 
water and to encounter food from all directions. Each 
tentacle possesses batteries of nematoblasts, cells which 
each contain a nematocyst. There are three main types of 
nematocysts: penetrants, volvants and glutinants; they 
operate as the food-collecting structures of Obelia. When 
the projecting cnidocils are touched the nematocyst 
contents are automatically discharged, usually in large 
numbers (fig 4.12). They penetrate, hold and generally kill 
the prey, depending on the type of nematocyst. The highly 
developed longitudinal muscle tails of the tentacles holding 
the prey contract and succeed in carrying the prey to the 
mouth where it is ingested and passed into the enteron. 
Glandular cells (fig 4.13) in the endodermis secrete 
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proteolytic enzymes into the enteron which begin ex- 
tracellular digestion of the food. Flagellate cells, also of the 
endodermis, assist in the circulation of food particles and 
fluid in the enteron, whilst pseudopodial cells ingest food 
particles by phagocytic activity. Intracellular digestion 
within the food vacuoles completes the digestive process. 
Many of the endodermal cells possess muscle tails 
containing contractile proteinaceous fibres embedded in 
the mesogloea. The muscle tails of the endodermis are 
arranged horizontally to the long axis of the body. 
Contraction of these enables the hydranth to become 
longer and thinner. The ectodermis of the hydranth also 
possesses musculo-epithelial cells, but their muscle tails are 
arranged parallel to the long axis of the body and allow the 
hydranth to become shorter and fatter and to retract more 
or less completely into its protective hydrotheca if it is 
irritated in any way. Sensory cells and undifferentiated 
interstitial cells are also present in the ectodermis. 

Flagellate cells found in the endodermis circulate food 
particles throughout the coenosarc to all parts of the 
colony. At any point endodermal cells can engulf food for 
their own needs. After digestion has been completed in the 
endodermis, soluble food diffuses to the ectodermis 
through the mesogloea (fig 4.13). Any unwanted food 
remains are egested via the oral aperture. 

On either side of the mesogloea is a nerve net composed 
of numerous multipolar nerve cells. The network is denser 
in the region of the oral disc and the tentacles, and is in 
contact with the sensory cells of the ectodermis and 
endodermis. 

Each blastostyle is a hollow extension of the coenosarc. 
It has no mouth or tentacles and is surrounded by a 
portion of the perisarc called the gonotheca which is open 
at its free end. Medusae are budded off and eventually 
expelled via the gonothecal opening into the sea. 


The medusa 


This is the pelagic sexual stage in the life history of Obelia. 
It is a bell-shaped, inverted polyp and possesses a convex 
exumbrellar and a concave subumbrellar surface. Hanging 
down from the centre of the subumbrellar surface is the 
manubrium at the end of which is a four-lobed oral 
aperture. 

The whole of the outer surface is covered by ectodermal 
cells. The oral aperture provides the opening for the gullet 
which leads into the enteron. From here, four radial canals 
pass outwards to the edge of the bell and link up with a 
circular canal. The gullet, enteron and canals are lined with 
endodermis possessing numerous flagellate cells. 

Initially about 24 tentacles hang vertically downwards 
from the edge of the bell, but more are added as the 
medusa matures. Their structure is essentially the same as 
in the hydranth, but in addition they each possess a swelling 

at their base where interstitial cells have accumulated. 
The interstitial cells are used to replace lost or damaged 
tentacular nematoblasts. Ingestion is aided by the ten- 
tacles, which bend over towards the mouth by infolding of 
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Fig 4.13 LS body wall of hydranth of Obelia 

the medusa margin. Digestion and distribution o! | od is 

accomplished in a similar way to that of the hyd l. 

Halfway along each radial canal, and protrud rom 
the subumbrellar surface, are the gonads. They « st of 
an outer layer of ectodermal cells and a core of endo crmal 
cells derived from the radial canal itself. Ge cells 
originate in the ectoderm of the manubrium and m: ate to 
the gonads. It is here that meiosis occurs. Each mi usa is 
unisexual and will produce either flagellate spes or 
spherical eggs. Liberation of the gametes occurs » | the 
sacs burst. After this the medusa dies. 

At the base of each adradial tentacle is a fluid-f!) >d sac 
lined with ectodermal cells called a statocyst. |. h sac 
possesses a statolith of calcium carbonate (fis 1.14). 
Alongside, and attached to, the statolith is a so ics of 
sensory protoplasmic processes. The whole apparatus 
enables the medusa to detect changes in its orice) (ution 
during swimming. 

The medusa swims actively by contracting the m: zin of 


its body inwards towards the manubrium. This forces a jet 
of water out and backwards from the subumbrellar surface 
and propels the animal forward. The whole process is 
effected by contraction of musculo-epithelial cells of the 
ectodermis, in particular a ring of well-developed, striated 
circular muscle fibres at the edge of the bell on the 
subumbrellar side. There are also muscle tails arranged 
radially on the subumbrellar surface. The normal shape of 
the medusa is regained by the elasticity of the thick layer of 
mesogloea that is present between the exumbrellar and 
subumbrellar surfaces of the animal. 

In order to coordinate the overall activity of the medusa 
the nervous system has necessarily to be more complex 
than that of the polyp. As well as the characteristic nerve 
net, nerve cells have been concentrated into two rings, one 
external and one internal to the circular canal. Primarily 
the inner ring controls the subumbrellar muscle fibres 
whilst the outer ring receives impulses from the statocysts- 
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1.14 VS statocyst of Obelia medusa at base of an 
tentacle 


ver, they also interconnect with each other, the 

ells and with processes innervating the tentacles. 

lusa normally swims through the water with the 

ot its bell horizontally aligned, however if the bell 

ingular displacement of the statoliths will cause 

o be produced by the sensory processes which are 

o the outer nerve ring. They are then relayed to the 

and the subumbrellar musculature will be 

i i to take the appropriate reflex corrective action 

equilibrium. 

'^c'ia it can be seen that the organisation of cells into 

s permitted different regions of the animal to 

ise in performing particular tasks well. This is called 

^atiation and may lead to division of labour. How- 

there has to be cooperation between different areas 

of t olony. In a differentiated organism each cell is no 

| ible to perform all those processes necessary to 

p itself alive and must depend to some extent on the 

i of neighbouring tissues. For example, the 

equipped with nematocysts, adequate muscula- 

ind innervation, capture prey and pass it to the 

enteron, Here the endodermis is specialised to digest the 

food. The soluble food materials are then passed back to 

the tentacles, among other areas, to provide them with the 

energy and raw materials they need to capture the next 

meal, and so on. This mutual cooperation between cells 

and tissues, as seen in Obelia, has become an established 
characteristic of all Metazoa. 


tentacles, 


4.4.2 Polymorphism 


The occurrence of structurally and function- 
ally different types of individual within the same organism 
during its life history is called polymorphism. In Obelia 
there are feeding individuals (gastrozooids), individuals 
only capable of asexual reproductive activity (gonozooids), 
and free-living sexually reproductive zooids (medusae). 


4.4.3 Alternation of and 


metagenesis 


generations 


Whilst it is clear that Obelia undergoes an 
alternation of asexual and sexual phases during its life 
history, this should not be confused with alternation of 
generations in plants. In the majority of plants there is a 
regular alternation between a haploid gametophyte and a 
diploid sporophyte (section 3.3.1), whereas in Obelia both 
asexual and sexual phases are diploid. The only haploid 
cells in the life cycle of Obelia are the gametes. Since the 
colonial form does not produce gametes it may be regarded 
as the juvenile stage and the term metagenesis would be 
more appropriate to describe the life cycle of Obelia. 
Metagenesis implies deferment of the sexually reproduc- 
tive phases rather than alternating phases of mitosis and 
meiosis. 


4.5 
4.5.1 


Phylum Platyhelminthes 


The triploblastic condition 


This is the embryological situation where a 
third layer, the mesoderm, has developed which separates 
the ectoderm from the endoderm. The presence of 
mesoderm in the body is significant in several respects. It 
allows triploblastic organisms to increase in size and this 
results in considerable separation of the alimentary canal 
from the body wall. This poses problems of transport of 
materials between the endodermal and ectodermal layers. 
In animals where the mesoderm completely fills the space 
between the endoderm and ectoderm (acoelomate condi- 
tion), transport problems are overcome by a dorso-ventral 
flattening of the body and maintenance of a large surface 
area in relation to volume. Thus diffusion of materials 
between environment and tissues is adequate to satisfy 
metabolic requirements. In animals where a space (the 
coelom) develops within the mesoderm (coelomate condi- 
tion) transport systems are developed which carry mate- 
rials from one part of the body to another. The presence of 
the mesoderm layer has been utilised to form a variety of 
organs, which may combine together and contribute 
towards an organ system level of organisation. Examples of 
such systems include the central nervous system and 
digestive, excretory and reproductive systems. The muscu- 
lar activity of triploblastic organisms is also much im- 
proved. This is necessary as their increased size renders the 
ciliary mode of locomotion inadequate. 

The platyhelminths are designed on the triploblastic 
body plan and are the simplest group of organisms to utilise 
mesoderm. They are the earliest animals to have developed 
organs and organ systems from the mesoderm. Much of the 
mesoderm, though, remains undifferentiated and forms a 
packing tissue, the mesenchyme or parenchyma, which 
supports and protects the organs of the body. 

The phylum is divided into three classes; two of these are 
completely parasitic, whereas the other class, the most 
primitive and typical, contains free-living forms. The 
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Table 4.4 Classification of phylum Platyhelminthes. 


Phylum Platyhelminthes 


Characteristic features 
Triploblastic metazoa 
Bilaterally symmetrical 
Unsegmented 
Acoelomate 


Central nervous system anteriorly placed; very simple network; ganglia 


Excretory system of branching tubes ending in flame cells 
Flattened dorsoventrally 

Mouth but no anus 

Complex hermaphroditic reproductive system 

Larval form usually present 


Class Turbellaria Class Trematoda 


Class Cestoda 


Free living; aquatic 
Delicate, soft, leaf-like body 


Endoparasitic 
Leaf-like 


Suckers rarely present 
sucker on proscolex 

Ciliated cellular outer covering; cuticle 

absent 

Enteron present 

Sense organs in adult 

Simple life history 


e.g. Planaria 


Enteron 


Complex life history 


Usually ventral sucker in addition to 


Thick cuticle; no cilia in adult 


Sense organs only in free-living stages 


e.g. Fasciola (liver fluke) 


Endoparasitic 

Elongated body divided into prow les 
which are able to break off 

Suckers and hooks on proscolex 


Thick cuticle; no cilia in adult 


No enteron 
Sense organs only in free-living si 
Complex life history 


e.g. Taenia (tapeworm) 


platyhelminths possess a clearly differentiated ‘head’ 
situated anteriorly, and a distinct posterior end. There are 
clearly defined dorsal and ventral surfaces. Many struc- 
tures (such as eyes) are symmetrically arranged on the 
right- and left-hand sides of the body. Such organisation, 
where the right side is approximately the mirror image of 
the left and where there is a distinct anterior end, is said to 
constitute bilateral symmetry. 

No transport system has developed, hence in the basic 
body structure all parts are in close proximity to food and 
oxygen supplies. All platyhelminths are thin and flat to 
provide a large surface area to volume ratio for gas 
exchange, and many forms possess a much-branched gut 
ramifying throughout the body to facilitate digestion and 
absorption of food materials. In addition, excretory 
material is collected from all parts by a branched system of 
excretory tubes ending in flame cells (see chapter 19). 


4.5.2 Class Turbellaria 


Planaria is a free-living, carnivorous flatworm 
found in freshwater streams and ponds. It remains under 
stones during the day, emerging only at night to feed. It is 
black in colour and can measure up to 15 mm in length. It 
has an elongated, extremely flattened body, with a 
relatively broad anterior *head' possessing a pair of dorsal 
eyes, and a posterior end that is clearly tapered. Planaria is 
bilaterally symmetrical, a body design associated with an 
active mode of life (fig 4.15). 

There is asingle gut opening, the mouth, which is located 
on its ventral surface towards the posterior end of the body. 
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Fig 4.15  Planaria lugubris showing external features 


Planaria has a complex body wall which contributes 
towards the mechanisms of locomotion. protection and 
capture of prey (fig 4.16). The epidermis consists of 
columnar cells which are ciliated at the sides and on the 
ventral surface of the organism. Interspersed between the 
ventral ciliated cells are tracts of glandular cells which 
secrete slime. The epidermal cells also possess rhabdites. 
These are secreted during food capture and help entangle 
the prey. 

Below the epidermis are several layers of muscle cells. 
There is an outer circular, a middle diagonal and an inner 
longitudinal layer. There are also dorso-ventral muscle 
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tracts. Each layer consists of collections of individual 
muscle fibres, not just muscle tails of epithelial cells as in 
the coelenterates. The complex pattern of musculature 
enables the animal to perform all kinds of agile movements 
in the water, and therefore contributes to its complex 
behavioural activities. 

Planaria feeds on small worms, crustacea and on the 
dead bodies of larger organisms. Anteriorly the body wall 
possesses sense cells which enable the animal to detect prey 
from some distance away. Planaria takes up a position on 
top of the prey and pins it down by means of muscular 
contractions of its body. Rhabdites and slime are exuded 
from the worm's ventral surface and the sticky fluid helps 
entangle the prey. An eversible pharynx protrudes and 
engulfs the prey. If the prey is large, enzymes are secreted 
on to it to begin extracellular digestion, and pumping 
activity of the pharynx breaks the food into smaller 
particles. These are then ingested into the intestine. 
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Endodermal cells line the three main branches of the 
intestine, one branch leading to the front and two to the 
rear of the animal (fig 4.17). Numerous blind-ending lateral 
caecae arise from each of these branches, The intestine 
thus possesses a large surface area for digestion and 
absorption. The large size of the intestine penetrates most 
parts of the body and facilitates diffusion of materials to 
and from the body cells. Additional enzymes are secreted 
by the gland cells of the intestine and continue the process 
of extracellular digestion. Small particles of food are finally 
engulfed by phagocytic cells. Digestion is completed 
intracellularly. From here the soluble food passes to the 
rest of the body by diffusion via the mesenchyme and by 
amoeboid cells. Undigested food remains are egested 
through the mouth. 

A distinct excretory system has differentiated within the 
mesodermal layer. It consists of two longitudinal excretory 
canals which open on to the dorsal surface via a number of 
pores. Each canal has many branches which end in flame 
cells (section 19.4.3). Excretory substances are actively 
secreted into the flame cells and ultimately passed out of 
the body via ducts. The flame cell system also provides an 
efficient osmoregulatory mechanism for the planarian. 

Asexual reproduction occurs by transverse fission. The 
posterior end of the flatworm adheres to the substrate by 
the secretion of slime, while the anterior half pulls away 
from it until the worm splits in two. The split takes place 
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Fig 4.17 Anatomy of Planaria lugubris 


just behind the pharynx. Both portions then proceed to 
regenerate all missing parts. 

Planarians are hermaphrodite and possess a complex 
reproductive system. The arrangement is shown in fig 4.17, 
Sperm are produced by the germinal epithelium of nu- 
merous testes and pass into vasa efferentia, which in turn 
empty their contents into two longitudinally arranged vasa 
deferentia. Mature sperm are stored in seminal vesicles 
until required. Each seminal vesicle leads to a muscular, 
protrusible penis contained in the genital atrium. 

Ova are produced by the paired ovaries which are 
situated laterally within the mesenchyme. Each ovary is 
connected, via a short portion of the oviduct, to a 
receptaculum seminis. This is where fertilisation will take 
place. Each oviduct passes to the rear of the body. Along 
its length it receives lateral ducts from yolk and shell glands. 
Both oviducts finally join together in the genital atrium. 
Another structure, the copulatory sac (or spermatheca) 
also opens into the genital atrium. 

Copulation takes place prior to fertilisation. Two worms 
adhere to each other by their ventral surfaces. Sperms from 
one worm are transferred to the copulatory sac of the other 
when its penis is inserted into the genital atrium of its 
partner. After this, the worms separate. Within each 
organism the sperm swim from the copulatory sac, up the 
oviducts to each receptaculum seminis where fertilisation 
occurs. The fertilised eggs then pass down the oviducts and 
become coated with yolk cells and shell substances. 
Cocoons containing several eggs and many yolk cells are 
formed in the genital atrium and eventually expelled from 

the body. Within a few weeks the eggs hatch and small 
worms emerge. 


96 


mouth/anus 


penis 


4.5.3 Class Trematoda 

Fasciola hepatica (figs 4.18 and 4.19) longs 
to the class Trematoda, which is one of the major ips of 
parasites in the animal kingdom. It is endoparasi iving 
in the bile ducts of sheep, its most important, or primary, 
host. Other primary hosts are cattle and, occas nally, 


Man. Many differences exist between Fasciola | the 


free-living Planaria lugubris. These differences an be 
attributed to the adaptations that Fasciola has ex: | cd in 
order to survive as an endoparasite. Associated with its 
parasitic mode of life is a complex life history, involving 
three larval stages (the miracidium, redia and cercaria), 


and opportunities for increasing their numbers dusing the 
life cycle. Within some of the larval forms are germinal 
cells, as distinct from somatic cells, which undergo normal 
mitotic division to produce even more individuals. such a 
process is called polyembryony, the cells of each new 
individual being products of divisions of the original zygotic 
cell. The large numbers of offspring produced in this way 
help to offset the high mortality rate that inevitably occurs 
during infection of new hosts. For a part of its life history 
Fasciola infests a secondary host, the freshwater snail 
Limnea truncatula, in which some of its larval stages are 
able to live and multiply. 

Each stage in the life history of Fasciola exhibits 
structural, physiological and reproductive adaptations 
Suited to its mode of life. Some of these are listed below. 


Adult fluke. The body is thin and flat and 
Pressed against the side of the bile duct so that it does not 
interrupt the bile flow. It is attached to the wall of the bile 
duct by oral and ventral suckers which enable it to maintain 
its position in the duct, and spines on the body wall, which 
point backwards, prevent it from being flushed down the 
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duct in the bile flow. The body wall protects the worm 
against the host's enzymes. The gland cells situated here 
secrete material which protects the parasite against the 
host's antitoxins (fig 4.19). The body wall is also the area of 
nitrogenous excretion (primarily ammonia) and the site of 
gas exchange for the parasite. Respiration is thought to be 
largely anaerobic, but oxygen is utilised if present. 
However, no relationship has been established between 
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Fig 4.19 Section through body wall of Fasciola hepatica 
showing ultrastructure 
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Fig 4.20 Life history of Fasciola hepatica 
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oxygen uptake and carbon dioxide output. The muscular 
pharynx has a pumping action which enables the ingestion 
of viscous materials such as blood, other tissues and mucus. 

^ complex, hermaphrodite reproductive system ensures 
that fertilisation (either self- or cross-fertilisation) can 
occur. 


Miracidium. This is the first of the larval 
tages of Fasciola (fig 4.20). It has a ciliated epidermis 
which provides means for swimming in water or in moisture 
on vegetation, The miracidium is attracted to its molluscan 
secondary host by chemotaxis. An apical papilla attaches it 
io the snail's foot and an apical gland secretes proteolytic 
enzymes on to the surface of the snail to assist in the 
penetration of the host’s tissues. Penetration is further 
aided by circular and longitudinal muscle cells which help 
the larva to wriggle through the tissues of the host. In this 
grates to the digestive glands of the secondary host 
nph channels. There are germ cells present which 
rise to subsequent larval forms. 


way itm 


iz 


Sporocyst. This is an immobile, closed ger- 
minal sac containing germinal cells. The cells proliferate by 
valyembryony into many rediae. This is therefore a 
multiplicative phase in the life history of Fasciola. 


Hedia. This stage has a muscular pharynx to 
in fluids and tissues from its host. Circular and 
ngrtudinal muscle cells aid locomotion of the larva; two 
ior lateral flaps provide purchase at the posterior 
end, whilst an anterior collar provides ‘grip’ at the other 
end 

Germinal cells proliferate into more rediae, or into 
cercariae, by polyembryony; so this is also a multiplicative 
phase. There is a birth pore for the escape of the second 
generation of rediae or the cercariae. 


Cercaria. This bears many features in com- 
mon with the adult fluke, which include oral and ventral 
suckers for anchorage to suitable substrates, such as grass. 
There is also a tail to assist in locomotion through water or 
moisture on vegetation. Cystogenous glands are present 
which secrete a cyst wall to form a metacercaria. 


Metacercaria. No further development of 
this stage occurs until it is swallowed by sheep. It has 
considerable powers of resistance to low temperatures, but 
is susceptible to desiccation (fig 4.20). 


Limnea truncatula is an amphibious snail inhabiting ponds, 
muddy tracks and damp vegetation. It is able to withstand 
adverse conditions. Therefore the sporocyst and redia 
stages of Fasciola's life history, which develop within the 
snail, are themselves directly protected from such un- 
favourable conditions. Indeed, in conditions of low 
temperature, rediae produce daughter rediae instead of 
cercariae. The rediae remain within the snail and can 
overwinter within the host, only producing cercariae when 
warmer weather returns in the spring. Limnea is also a very 


rapid breeder. It has been estimated that one snail may 
produce up to 160 000 offspring in 12 weeks. If all of these 
offspring contain developmental stages of Fasciola, then 
the chances of cercariae escaping from the snails and 
entering new, uninfected primary hosts will be consider- 
ably increased. The amphibious mode of life of Limnea 
ensures that when the cercariae escape there is water 
available in which to disperse. 

The release of young adult flukes from the metacercaria 
(excystment) takes place in the gut of the sheep or cow. 
The process is initiated in the stomach by high carbon 
dioxide levels and a temperature of around 39 °C, Under 
these conditions the parasite releases proteolytic enzymes 
which digest a hole in the cyst wall at one point. Emergence 
of young flukes is triggered off by the presence of bile in the 
digestive juices of the small intestine. 

The young flukes burrow through the intestinal wall and 
migrate to the liver via the coelom. For a time they feed on 
liver tissue, but about six weeks after infection they become 
permanently attached in the bile ducts. 

Fasciola can have several effects on its host. A heavy 
infection can cause death. Liver metabolism of the host is 
interfered with when cercariae migrate through it. Cells are 
destroyed and bile ducts may be blocked; large-scale 
erosion of the liver (liver rot) will cause dropsy. Little, or 
absence of, bile in the gut can affect digestion, and the 
excretory wastes of Fasciola can have a toxic effect on the 
host. 

The following measures can be taken against Fasciola. 
Drainage of the pasture land and introduction of snail- 
eating geese and ducks to the pastures (a method of 
biological control) will help to remove the secondary host 
Limnea. The filling in of ponds and use of elevated drinking 
troughs will also help to achieve this. Use of lime on the 
land will help to prevent the hatching of the eggs of the 
parasite, as they will not hatch in water with a pH of more 
than 7.5. For sheep which are already infected, the 
administration of carbon tetrachloride kills some of the 
fluke stages in the liver. 


4.6 


Body cavities 


It has been seen in the platyhelminths that the 
mesoderm completely fills the space between the 
ectodermal and endodermal layers and forms a solid 
middle layer. The only cavity present is the archenteron. 
Since its lumen is, in reality, in contact with the exterior 
environment, the archenteron cannot be regarded as a true 
internal body cavity (coelom). Such a condition, without a 
coelom, as illustrated by the platyhelminths is said to be 
acoelomate (fig 4.21a). 

In all higher Metazoa, an extensive internal space or 
body cavity is developed, called a coelom, which separates 
the body wall from the alimentary tract. The space is 
generally filled with fluid and may perform the following 
functions: 
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(1) may act as a hydrostatic skeleton; 

(2) enable activities of the body wall and alimentary canal 
to operate independently of each other; 

(3) permit animals to become much larger; 

(4) the fluid of the cavity may act as a circulatory medium 
for the transport of food, waste materials and gases; 

(5) waste materials and excess fluids may be temporarily 
stored here; 

(6) provides space for the enlargement of internal organs; 

(7) may play a part in the osmoregulatory activity of 
organisms. 


4.6.1 Types of body cavity 


The pseudocoelom, which is found in nema- 
todes and rotifers (fig 4.215), is derived from the hollow 
space situated in the blastula at an early stage in 
embryological development. It is bounded on the outside 
by ectoderm and on the inside by the endodermal wall of 
the alimentary canal. The internal organs remain free 
within the pseudocoelom, and the spaces between them are 
filled with large, vacuolated mesodermal cells. Thus the 
organs are separated and can operate independently of 
each other, and the mesodermal cells, which are easily 
deformed, enable the organism to change its body shape 
readily. The pseudocoelom appears to be the forerunner of 
another type of body cavity, the coelom. 

The coelom is preceded by the blastocoel during 
embryological development, hence the coelom should be 
regarded as the secondary body cavity. When it develops it 
reduces the blastocoel to a series of blood-filled spaces 
bound by mesodermally derived walls. The coelom arises 
when a split occurs within the embryonic mesoderm. The 
cavity of the coelom is thus bounded by a lining of 
mesodermal cells called the peritoneum. Vertical portions 
of the peritoneum are called mesenteries and they help in 
the suspension of the alimentary canal from the body wall. 
The coelomic cavity is filled with coelomic fluid. 

Examination of the embryological development of the 
coelom in various organisms indicates that it may arise in 
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more than one way. Opinion is divided as to which method 
is the most primitive. Three methods of coelom !« mation 
are shown in fig 4.22. 

The result of coelom formation is that a er of 
mesoderm (somatic) is applied to the ectoderm and 
becomes part of the body wall, and a layer of mesoderm 
(splanchnic) associates with the endoderm of the 
alimentary tract to form the musculature of the gut. The 
relatively stationary coelomic fluid separates the boy wall 
from the alimentary canal, and any organs which protrude 
into the cavity are bounded by peritoneum. 

In the case of the haemocoel, which is {ound in 
arthropods and molluscs, the coelom has been almost 


completely obliterated by a greatly enlarged blastococ! (fig 
4.23). The blastocoel consists of sinuses filled with blood. 
The blood is generally circulated in the haemocoel. Gonads 
are never differentiated from the haemocoel wall, and 
the coelom is confined to cavities of excretory organs and 
the gonoducts. 


4.7 


Phylum Nematoda 


Ascaris lumbricoides is a common nematode 
which parasitises Man and pigs. The worms possess 
slender, elongated bodies, tapering at each end. The male 
is smaller than the female and is more curved at its 
posterior end. Covering the body of each worm is a cuticle 
made of three layers of diagonally arranged collagen fibres. 
This allows the body some degree of contraction and 
extension. Beneath the cuticle the epidermis is thickened 
into four longitudinal internal ridges, one dorsal, one 
ventral and two lateral. The epidermis forms a syncitium, 
since it is a mass of protoplasm containing many nuclei and 
is bound by a plasma membrane. Below the epidermis is a 
single layer of longitudinal, obliquely striated muscle 
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Fig 4.22 Methods of coelom formation 


fable 4,5 Characteristics of phylum Nematoda. 


Phylum Nematoda 


Characteristic features 

lriploblastic, pseudocoelomate metazoa 

Bilaterally symmetrical 

Unsegmented 

Elongated. round ‘worms’ with pointed ends 

Alimentary canal with mouth and anus 

Sexes separate (dioecious) 

Some free living, many important plant and animal parasites 
Anterior end shows a degree of cephalisation 


fibres. The layer is divided into four bands, each band 
occupying the space between two ridges of epidermis. Each 
muscle cell has its contractile elements located peripher- 
ally. Its other end is bulbous and possesses a slender 
cytoplasmic extension which connects with a longitudinal 
nerve cord. (This contrasts with other organisms where 
nerve fibres pass to the muscles.) 

The mouth is surrounded by three ‘lips’ which possess 
sensory papillae. It leads into a muscular pharynx lined by 


cuticle and epidermis. The pharynx pumps some of its 
host’s food into the straight intestine of the worm. The gut 
is provided with valves at both ends which prevent 
regurgitation of the food. Microvilli are present in the 
intestine which is secretory and absorptive in its anterior 
and posterior regions respectively. Unwanted material is 
egested via the anus. 

The pseudocoel which separates the alimentary canal 
from the body wall consists of a small number of vacuolated 
cells filled with a protein-rich fluid. The so-called excretory 
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Fig 4.23 The haemocoel condition 
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Fig 4.24 Life cycle of Ascaris lumbricoides 


system (it may be entirely osmoregulatory in function) 
consists of two longitudinally orientated lateral canals 
which unite anteriorly to form a single canal leading to the 
exterior by a ventral excretory pore. There is a nerve ring 
around the pharynx which is associated with a number of 
ganglia. From it, distinct dorsal, ventral and lateral cords 
run the length of the worm. Anteriorly, six nerves pass 
from the ring to the head sense organs. 

Locomotion is achieved by undulating waves of contrac- 
tion and relaxation of the muscle bands acting against the 
turgidity of the pseudocoel. Absence of circular muscle 
permits bending in only the dorso-ventral plane. 

The female has two ovaries which pass their contents via 
oviducts to the uteri where the eggs are gathered. The uteri 
lead to a vagina which opens on the ventral surface by the 
female genital pore. The single testis of the male is a long 
tube which enlarges into a sperm duct and opens to the 
surface near the posterior end. A seminal vesicle is present 
which joins the rectum just before the cloaca. During 
copulation the male inserts its copulatory spicules into the 
genital atrium of the female and distends the vagina. The 
amoeboid sperm are ejected into the vagina and pass to the 
uteri where fertilisation occurs. Details of the life cycle of 

A. lumbricoides can be seen in fig 4.24. 
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Phylum Annelida 
The coelomate body plan and 
metameric segmentation 


Whereas the nematodes possess a pseudocoel, 
higher groups, from the annelids upwards, have developed 
a fluid-filled coelom. Coelomic fluid separates the body 
wall from the alimentary tract. The majority of the 
mesoderm which lines the coelom develops into muscle; 
that of the body wall aids locomotion of the whole animal, 
whilst that of the gut causes peristalsis of food. Transport of 
materials between the gut wall and the body wall (and vice 
versa) is achieved by a well-developed blood vascular 
system. 

Another evolutionary advance which took place 
amongst the coelomates was that of metameric segmenta- 
tion. It is a phenomenon which originates in the mesoderm 
but usually affects both mesodermal and ectodermal 
regions of the body. As a result the body becomes divided 
transversely into a number of similar parts or segments. In 
the annelids, where it is clearly seen, the subdivisions may 
be indicated externally by constrictions of the body surface. 
Internally the segments are separated from each other by 
septa extending across the coelom. However the segments 
are not entirely independent, as a number of organ systems 
run the length of the body, penetrating each individual 
segment in turn. 


Table 4.6 Classification of phylum Annelida. 


Phylum Annelida 


Characteristic features 

Triploblastic, coelomate metazoa 

Bilaterally symmetrical 

Metamerically segmented 

Perivisceral coelom 

Pre-oral prostomium 

Central nervous system of paired supra-oesophageal ganglia connected to ventral nerve cord by commissures 
Solid, ventral nerve cord, usually double with segmented nerves 

Exeretory organs are segmental, ectodermal in origin, ciliated, and called nephridia 

D 


finite cuticle secreted by ectoderm 
Chuetae of chitin arranged segmentally (except leeches) 
Larva typically a trochophore 


Class Polychaeta Class Oligochaeta Class Hirudinea 
Marine Inhabit freshwater or damp earth Ectoparasitic with suckers anterior and posterior 
Distinet head No distinct head No distinct head 
jactae numerous on parapodia Few chaetae — in pairs or single, no Small fixed number of segments, no chaetae or 
parapodia parapodia 
cious Hermaphrodite Hermaphrodite 
nads not localised but Gonads localised in few segments Gonads localised in small number of segments 
iding throughout whole body 
Fermilisation is external Copulation and cross-fertilisation Cross-fertilisation 
Nu cocoon Clitellum with eggs laid in cocoon Eggs laid in cocoon 
wiming trochophore larva No larval stage, development direct No larval stage 
’ s (ragworm) e.g. Lumbricus (earthworm) e.g. Hirudo (leech) 


a (lugworm) 


head region peristomium.. . mouth 
possessing jaws prostomium pod anterior. 
+ and tentacles pharynx sucker 
E notopodium 
E3 buccal — 
1 papillae ill 
3 s gi aetae 

eS neuropodia chaetae 

t 

£ $- parapodium 

i = clitellum 

anus t = = 
/ : anus. == 
= | middle 
E region 
posterior = 
region 
chaetae posterior. 
sucker 
Class Polychaeta Class Oligochaeta Class Hirudinea 
Nereis diversicolor Arenicola marina Lumbricus terrestris Hirudo sp. 
Fig 4.25 A variety of annelids Once segmentation has been established, individual or 


small groups of segments may become further modified and 
specialised in many ways to perform a variety of different 
functions. Such differences may occur by elaboration of 
organs within a segment, by fusion or even loss of 
segments. 

It is thought that the coelom arose in the immediate 
ancestors of the annelids and was exploited as an 
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dorsal vessel 


peritoneum. 


epidermis. 


circular muscles 
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metanephridium 


longitudinal muscles 
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oblique muscle — 


segmental 


ventral vessel ganglia 


adaptation for the burrowing habit. Burrowing would have 
given the annelids a two-fold advantage over their 
competitors: protection against predators, and exploita- 
tion of new ecological niches. The coelom of the annelid 
provided a form of hydrostatic skeleton against which its 
muscles could act during locomotion and burrowing. 
Contraction of the circular muscles produces a pressure in 
the coelomic fluid that forces the body to elongate. 
Similarly contraction of the longitudinal muscles would 
produce a pressure in the coelomic fluid that would cause 
the body to widen. It would be a further advantage if the 
action of the circular and longitudinal muscles could be 
localised to certain regions as this would facilitate burrow- 
ing. Metameric segmentation, resulting in a subdivision of 
the muscle layers, provided this mechanism. Segmentation 
of the nervous system to coordinate muscle activity, and of 
the blood and excretory systems to accommodate the needs 
of the muscles is then thought to have followed. 


4.8.2 Class Polychaeta 


Nereis is an elongated, cylindrical bristle- 
worm. It lives in estuaries under stones or in mud burrows. 
The segmented nature of its body is clearly visible 
externally. All segments, apart from those most anterior 
and posterior, are very similar to each other. On either side 
of each segment is a lateral projection, the parapodium. It 
is biremous and consists of an upper notopodium and a 
lower neuropodium (fig 4.26). Rods called acicula support 
both these processes, and two tufts of chaetae emanate 
from each structure forming fan-like bodies. Two addition- 
al outgrowths of the parapodia are noticeable: a dorsal and 
a ventral cirrus. 
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Fig 4.26 Cross-section of trunk segment of Nereis 
diversicolor 
The body wall of the worm consists of a thin cuticle 
secreted by a single layer of columnar epithelium. | here is 
a thin outer layer of circular muscle below which is a thicker 
layer of longitudinal muscle. The longitudinal muscle is 
split into two dorso-lateral and two ventro-lateral bundles 
which run lengthways in the body. Oblique muscles extend 
from the midline to mid-lateral regions and join with 


circular muscles. All are obliquely striated. 

Septa, composed of a double layer of peritoneum, 
separate the coelom into individual segments. Coclomic 
fluid is present which contains amoeboid cells and a variety 
of dissolved materials. It bathes all organs and aids both 
excretory and reproductive processes. 

The alimentary canal runs from mouth to anus and is 
more complex anteriorly. Prey is captured by two horny 
jaws at the end of an eversible pharynx. It is swallowed 
when the pharynx is retracted. 

Nereis possesses a clearly differentiated head which 
displays a considerable degree of cephalisation (fip 4.27). 
The head consists of an anterior prostomium and a 
posterior peristomium. On the prostomium is a pair of 
dorsal sensory tentacles and two pairs of eyes, whilst a pair 
of fleshy palps extend from its ventro-lateral regions. The 
mouth is situated between the two head parts, and on the 
peristomium are four pairs of long, flexible tactile cirri. 

Internally, there is an increase of nerve cells and nerve 
tissue at the anterior end compared with the platyhelminths 
and nematodes. This concentration of nerve tissue is 
composed of a pair of relatively large fused cerebral ganglia 


antenna — = 


peristomial 
cirri 


X 


ipical tuft 
of cilia 


stomach 


i9] 
O 
o 
lo 


VA posterior cilia 


(a) posterior elongation 
of trochophore larva, 
mesoderm band develops 


vhich supply the prostomium via the prostomial nerves. 
Fhe cerebral ganglia are connected to a double ventral 
nerve cord by a pair of circumoesophageal commissures. 
The double ventral nerve cord runs throughout the length 
of the worm. In each segment the ventral cord bears a pair 
of ganglia from which lateral nerves extend. These nerves 
are mixed, containing sensory and motor nerve com- 
ponents. 

‘The excretory organs are nephridia. A pair is found in all 
but the first and the last segments. Nitrogenous waste is 
principally ammonia. The blood and tissue fluids of the 
animal can remain isotonic with the marine environment 
over a wide range of salinities. Thus there are few problems 
of osmoregulation. 

There is an efficient blood vascular system with blood 
confined to closed vessels. Blood flows forwards in a dorsal 
longitudinal vessel and passes into a ventral vessel in each 
segment via two pairs of lateral segmental vessels. These 
run into the parapodia where they branch into capillaries 
and rejoin before joining the ventral vessel. Circulation is 
maintained by contractile activity of the major vessels and 
by waves of muscular contraction running along the body 
wall which squeeze the blood vessels, forcing blood along. 


—prostomium 


parapodium 


Fig 4.27 Ventral view of head of Nereis diversicolor 
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(b) distinct segments 
developed, mesodermal 
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(c) reduction of larval 
head structures, further 
segments added 


The parapodia are extensively vascularised and function 
as the animal's gas exchange surface. Haemoglobin, 
dissolved in the plasma, increases the blood's oxygen 
carrying capacity. 

Nereis crawls by using its parapodia in an oar-like 
manner, and swims by the coordinated activity of the 
parapodia and lateral flexing of the body brought about by 
contraction and relaxation of the body wall musculature. 

The sexes are separate in nereids. Gametes are formed in 
most segments from germinal cells in the peritoneum. Prior 
to fertilisation, worms leave their burrows and swim near 
the surface of the water. Spawning occurs at a definite time 
of the year, generally in early spring. Males shed their 
sperm into the water, and segments of the female burst to 
release eggs, millions of gametes being present in the sea at 
the same time. After discharge of the gametes the adult 
worms die. 

Fertilisation is external. The zygote develops into a 
ciliated trochophore larva (fig 4.28). This later meta- 
morphoses; its lower region elongates and develops several 
segments. Its ciliated bands disappear, and the 
trochophore settles on the sea bed where it develops into 
the adult form. 
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4.8.3 Class Oligochaeta 


Lumbricus, an earthworm, is an elongated, 
cylindrical organism, approximately 12-18 cm in length. 
The anterior end of the body is tapered, whilst the posterior 
end is dorso-ventrally flattened. Despite being a terrestrial 
animal, it has not fully overcome all the problems 
associated with life on land. In order to protect itself from 
desiccation it lives underground in burrows in damp soil, 
and emerges only at night to feed and reproduce. The 
differences in body form exhibited by Lumbricus as 
compared with Nereis are the result of its adaptation to a 
subterranean life. 

The body is streamlined with no projecting structures 
which might impede its passage through the soil. The 
prostomium is a small, rounded structure without sensory 
appendages overlying the mouth. Each segment, except 
the first and last, possesses four pairs of chaetae, two 
positioned ventrally and two ventro-laterally. The chaetae 
protrude from chaetigerous sacs located in the body wall 
and are able to be protracted or retracted by the action of 
specialised muscle blocks (fig 4.29). They are used during 
locomotory activity. Longer chaetae are present on 
segments 10-15, 26 and 32-37, and are used during 
copulation. Another reproductive structure, the clitellum, 
is situated on segments 32-37 (fig 4.30). Here the epidermis 
is dorsally and laterally swollen with gland cells that form a 
very noticeable saddle. The clitellum aids in the processes 
of copulation and cocoon formation. 

The structure of the body wall is similar to that of Nereis 
and is shown in fig 4.29. There is a terminal mouth and 
anus. Food is ingested by the muscular action of a 
non-eversible pharynx. The gut is straight, and its digestive 
and absorptive surface is increased by the presence of a 
typhlosole (a dorsal longitudinal fold on the intestine which 
protrudes into the gut lumen). Lumbricus is a detritus 
feeder, digesting organic materials from the soil it 
swallows. Food is absorbed into blood capillaries lining the 
intestinal wall. The majority of the soil passes straight 
through the worm, much of it eventually being deposited as 
castings onto the surface of the ground. 

Secretions of coelomic fluid via dorsal pores, and mucus 
from epidermal mucous glands, keep the worm's thin 
cuticle moist. It is here that gas exchange occurs by 
diffusion, a process that is helped by the presence of 
networks of looped blood capillaries in the epidermal 
layer. 

There is a pair of excretory and osmoregulatory 
nephridia in every segment except the first three and the 
last one. They open on to the surface of the worm in front 
of the ventro-lateral chaetae via nephridiopores. Chlor- 
agogenous cells found around the gut also aid in excretion. 

Blood, collected from the segments, flows forwards in 
the dorsal contractile vessel. It is passed to the median 
ventral vessel by five pairs of muscular, lateral 

pseudohearts in segments 7-11. Valves present in the 
hearts and the dorsal vessel prevent backflow. The ventral 
vessel distributes blood to all segments via lateral branches. 
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Though there is no noticeable aggregation of sensory 
structures at its anterior end, Lumbricus possesses sensory 
cells which respond to touch, chemicals and light. These 
are distributed throughout the epidermis. The central 
nervous system is similar to that of Nereis. Giant fibres 
present in the ventral cord enable the worm to contract its 
whole body in response to Particularly irritating stimuli. 
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Fig 4.31 Lateral view of position of reproductive organs 


i the general design of the nervous system permits the 
dinated activity of the muscle layers necessary for the 
normal burrowing and locomotory activity of the worm. 

(he reproductive system and behaviour of earthworms is 
omplex. This can be associated with their terrestrial 

mode of life and the necessity to avoid desiccation of 
gametes and fertilised eggs. Lumbricus is hermaphrodite 
This is an adaptation to a relatively sedentary 
existence. Contact between worms is infrequent, but when 
it does occur, because they are hermaphrodite, any two 


worms of the same species will be able to copulate. This 
involves reciprocal transfer of male gametes and leads to 
mutual fertilisation. 


fhe sex organs are grouped at the anterior end of each 
n. The exact location of the reproductive organs in 
specific segments is shown in fig 4.31. Mating and 
subsequent laying of fertilised eggs in cocoons is a 
complicated process which can be summarised as follows. 

During the spring and summer months, on warm, moist 
nights, worms protrude from their burrows, rarely leaving 
them completely, and pair with one of their neighbours. 
rhe ventral surfaces of two worms press against each other, 
the head of one worm pointing to the tail of the other. Such 
a position ensures that segments 9-11 of one worm are 
opposite the clitellum of the other and vice versa. 

The long chaetae of the clitellar region and segments 
10-15 and 26 are thrust into the body of each mating 
partner to maintain close contact during copulation. 

The epidermis of each worm secretes a mucus sheath 
around itself from segments 11-31; this keeps the sperms of 
each partner separate during copulation and provides a 
closed channel for their passage. 

In the clitellar regions a tube common to both partners is 
secreted which binds them tightly together. 

Sperms from the seminal vesicles leave each worm via 
the openings of the vasa deferentia on segment 15 and are 
propelled backwards along the ventral seminal grooves of 
each worm. Their movement is facilitated by contraction of 
arch-shaped muscles found among the longitudinal muscle 
layer of segments 15-32. When the sperms reach segments 


9 and 10 of their partner they pass into its spermathecae. 

Once sperm have been exchanged (the process takes 
3-4 h), the worms separate. Two days later cocoon 
formation begins. 

The glandular epithelium secretes a tough chitinous tube 
around itself. This becomes the sheath of the cocoon, 
Albumen is secreted into the cocoon by the clitellum. This 
later nourishes the embryo. Expansion of the segments 
behind the cocoon force it towards the anterior of the 
worm. As this is happening 10-12 eggs are passed into it 
from the oviducal openings of segment 14. When the 
cocoon passes the spermathecal openings on segments 9 
and 10, sperm are deposited in it and the eggs are fertilised. 
The cocoon is eventually forced clear of the worm. Its ends 
seal quickly, thus preventing desiccation. Initially the 
cocoon is yellow, but later dries and darkens in colour. 

Cocoons are formed every 3-4 days until all sperms have 
been used. This can continue for a whole year without 
further pairing being necessary. 

Development is direct, there being no free-swimming 
larval stage. Usually only one embryo develops per 
cocoon, and a young worm hatches 2-12 weeks after laying, 
depending on environmental conditions. 


Agricultural importance of earthworms 


Burrowing activity permits greater penetration of air 
into the soil, and improves the drainage capacity of the soil. 
It also enables roots to grow downwards through the soil 
more easily. Mixing and churning of the soil is brought 
about when earth which contains inorganic particles is 
brought up to the surface from lower regions. 

Worms do not swallow particles greater than 2 mm in 
diameter. Thus when soil is deposited on the surface as 
casts, it is stone-free and provides a good medium for seed 
germination. Earthworm activity at the soil surface may 
cover seeds and promote more effective germination. 

Leaves may be pulled underground by worms and 
partially digested. The remainder of the leaves will add to 
the organic content of the soil, as will the excretory wastes 
and secretions of worms and the bodies of dead worms. 

The pH of worm casts is approximately 7. This has the 
advantage of preventing soils becoming excessively acid or 
alkaline. 


4.9 


Phylum Mollusca 


The phylum Mollusca consists of a diverse 
group of organisms which include slow-moving snails and 
slugs, relatively sedentary bivalves, such as clams, and 
highly active cephalopods (fig 4.32). With over 80 000 
living species and 35 000 fossil species it is second only in 
size to the Arthropoda. One of the molluscs, the giant 
squid, is the largest invertebrate animal, weighing several 
tons and measuring up to 16 m in length. 

The formation of a protective shell, possession of 
external or internal fertilisation mechanisms, and use of 
gills or a lung for gas exchange has enabled molluscs to 
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colonise aquatic and terrestrial environments and thus 
occupy a wide range of ecological niches. However a shell 
can be a handicap to locomotion, and some of the more 
active molluscs show a reduction or loss of the shell. 
There is strong evidence that molluscs may have evolved 
from a primitive annelid-like ancestor. For instance, 
molluscs and annelid polychaetes exhibit spiral cleavage 
during embryological development, and form almost 
identical trochophore larvae. Also the discovery of a 
molluscan ‘living fossil’ Neopilina, which possesses seg- 
mentally arranged gills, gonads, excretory organs and shell 


early platyhelminth turbellarians. The ancestry of the 
molluscs, therefore, is still far from clear. 


4.10 Phylum Arthropoda 


The phylum Arthropoda contains more 
species than any other phylum. Arthropods have exploited 
every type of habitat on land and in water and exist at all 
latitudes. Within each class there is tremendous adaptive 
radiation (section 24.7.6). The arthropod body d: sign can 
be regarded as an elaboration of the segmented body plan 


muscle, suggests that the early molluscs were built on a of annelids. Ancestral arthropods possessed a «ries of 

segmental plan, as are the annelids. similar simple appendages along the length of the bodies, 
However, there is equally as much evidence to suggest which probably served a variety of purposes such as gas 

that the Mollusca may have had an ancestor among the exchange, food gathering, locomotion and dc: tion of 

Table 4.7 Classification of phylum Mollusca. 

Phylum Mollusca 

Characteristic features 

Unsegmented, triploblastic coelomates 

Usually bilaterally symmetrical 

Body divided into a head, ventral muscular foot and dorsal visceral hump 

Skin soft, and over the hump it forms a mantle which secretes a calcareous shell 

Heart and open haemocoelic system 

Respiratory pigment usually haemocyanin 

Nervous system consisting of circumoesophageal ring with cerebral and pleural ganglia, pedal cords and visceral loops 

Basically oviparous with a trochophore larva 

There are six classes of molluscs but only the three major classes are described here. 

Class Gastropoda Class Lamellibranchiata Class Cephalopoda 

Terrestrial, marine and freshwater Aquatic Aquatic 

Asymmetrical Bilateral symmetry Bilateral symmetry, long axis of body dorso- 

ventral 

At some stage in their development they — No torsion of visceral mass No torsion of visceral mass 

show torsion of the visceral mass 

Anus is anterior 

Shell of one piece, usually coiled Body laterally compressed and is Chambered shell often reduced and internal 


enclosed by two valves (hence the term 


"bivalve") 
Head, eyes and sensory tentacles 
absent 
Land forms lost gills and Large plate-like gills 
converted mantle cavity into a lung, 
Radula 
Internal fertilisation 
e.g. Helix aspersa (land snail) 
Patella (limpet) 
Buccinum (whelk) 
Limax (slug) 


Filter feeder 
External fertilisation 


Ostrea (oyster) 


Head greatly reduced in size, tentacles 


e.g. Mytilus edulis (marine mussel) 


or wholly absent 


Head highly developed. Tentacles and well- 
developed eyes 


Gills 


Radula and horny beak 
Internal fertilisation 
e.g. Sepia officinalis (cuttlefish) 
Loligo (squid) 
Octopus vulgaris (octopus) 


snail 


Fig 4.32 A variety of molluscs 
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stimuli. The success of the arthropods is said to be the 

result of a process called ‘arthropodisation’, which is the 

exploitation of potentialities latent within the annelid body 
plan. Many factors have contributed to this success and 
some of the major ones are listed below. 

(1) The evolution of a firm exoskeleton (cuticle) which is 
resistant to changes of shape. This has been used to 
form a sytem of levers. Joints have developed between 
many of them leading to the formation of serially 
arranged, jointed appendages. Each segment is 
attached to its neighbour by means of a modified 
portion of cuticle which is thin and flexible. This allows 
cach segment or lever to be moved independently of its 
adjacent component (fig 4.33). Constituents of the 
nsect exoskeleton are as follows. 

The epicuticle is composed of an outer cement layer 

lipoprotein, two waterproof wax layers and a 

cuticulum layer associated with polyphenols. It is 

^ um thick and is the main waterproofing layer. It is 

almost impermeable and affords protection against 
entry of micro-organisms. 

rhe procuticle is composed of chitin, arthropodin 

| resilin. Chitin is an amino polysaccharide which 

s the cuticle a degree of flexibility. Arthropodin is a 

‘in which complexes with the chitin. Its degree of 

ss is increased if it is tanned, that is the 
opodin/chitin complex reacts with phenols, and 
curing this reaction its molecular structure becomes 
nuch firmer due to the formation of many additional 
ross linkages. 


tanning 
process 
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(hard) 
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Resilin is an elastic protein. It is a natural rubber made 
up of amino acid chains running in all directions and 
randomly joined together. 
duct of gland cell 
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(2) Portions of the exoskeleton, including many appen- 
dages, have been modified to form a variety of 
structures serving many different purposes. In addi- 
tion, groups of adjacent appendages may carry out 
similar functions. This further increases the efficiency 
and complexity of the activity (fig 4.34). 

(3) The division of labour which occurs in the arthropods 
has contributed to the development of distinct regions 
of the body, namely the head, and in many cases a 
thorax and an abdomen. The head incorporates 
sensory receptors (such as eyes, antennae and stato- 
cysts) and feeding appendages. The brain is much 
larger than in annelids, and cephalisation is more 
pronounced. 

(4) The cuticle is waterproof, enabling some arthropod 
species, notably the insects, to exploit terrestrial 
habitats. 

(5) A firm surface for muscle attachment is provided by the 
inner surface of the exoskeleton. The continuous 
muscle layers of the annelids are no longer apparent in 
arthropods. Instead, antagonistic pairs of muscles are 
present which facilitate the separate movement of 
individual appendages or segments (fig 4.35). 

(6) Arthropod muscle has become striated. This increases 
the speed of muscle contraction and hence the animal’s 
speed of response. 

(7) A hard exoskeleton has imposed a size limitation on 
the arthropods, by virtue of its weight. Growth is 
difficult and can only take place if the exoskeleton is 
periodically shed; hence ecdysis (moulting) has 
evolved. However the arthropod is vulnerable to 
attack by predators during this period, and generally 
seeks the protection of shelter before undergoing the 
process. 

(8) A coelom is not present as the main body cavity. 
Instead a haemocoel has developed. This is used to 
distend the body during moulting so that the old cuticle 
can be split open and cast off. 


[ waterproof and impermeable; 
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Fig 4.33 VS body wall of insect to show layers of exoskeleton 
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Segment Function 


1 compound eyes sensory 
Ist antenna 
H 2 Ist antenna sensory 
2nd antenna 
E 3 > 2nd antenna sensory 
e 
mandible E 4 mandible crushes food 
2nd maxilla p: |D x : 
5 Ist maxilla pass food to mourl 
1 An H drive water out of piratory 
st maxilla z E 
"Y 6 2nd maxilla cavity 
Ist maxilliped L x 
7 Ist maxilliped 
3 o sensory 
1 T 8 2nd maxilliped V mince food and pa 
T to mouth 
gill H 
9 3rd maxilliped 
O IH 
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R |O 10 chelipeds offence and delen 
" A 
3rd maxilliped R 11 walking leg 
X 
gill separator ^ 
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gill 14 walking leg 
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21 telson flattened 


Fig 4.34 Appendages of lobster (after Buchsbaum) to illustrate their variety in structure and function 
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Fig 4.35 Comparison of the body wall of an annelid and an arthropod 
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Table 4.8 Classfication of phylum Arthropoda. 


Phylum Arthropoda 


Characteristic features 
Triploblast 


, coelomate metazoa 


Segmented, bilaterally symmetrical 
Coelom much reduced, perivisceral cavity a haemocoel 


ephridia 


Dot 


Many larval forms found within the phylum 


ted exoskeleton of chitin and sometimes calcareous matter 
ı segment typically bears a pair of jointed appendages used for locomotion or feeding or sensory purposes 
»mpletely lacking externally 

eart with open vascular system 


| nervous system of paired pre-oral ganglia connected by commissures to a ventral nerve cord; the ventral nerve cord is double, 
with segmental ganglia and nerves 


rustacea 


Class Myriapoda 


Class Insecta 


Class Arachnida 


aquatic 
| defined cephalothorax 


f six segments 
it antennae 


Pair of compound eyes 

) stalks 

hree pairs of 
s (gnathites) 


bdomen typically 11 


ipertures in 
thoracic segments 


Genital 


Mraight gut 


Hepatic caecae open into 
mesenteron 

‘Typically nauplius or other 
larval form. May be direct 
development 


Typically gas exchange by 

gills — outgrowths of the 

body wall or limbs 

e.g. Daphnia (water-flea) 
Astacus (crayfish) 


Mainly terrestrial 
Clearly defined head 


Head of six segments 


Eyes simple, compound or 
absent 

One pair of gnathites 
Numerous segments each 
bearing one pair of similar 
appendages 

Body segments all similar 
Median genital 

opening 

Straight gut 


No hepatic caecae 


No larval form 


Gas exchange by tracheae 


e.g. Lithobius (centipede) 
Iulus (millipede) 


Mainly terrestrial 
Well-defined head, thorax, 
abdomen 


Head of six segments 
1 pair of antennae 


Pair of compound eyes 
and simple eyes 
Usually three pairs of gnathites 


Three thoracic segments each 
with a pair of legs. Second and 
third thoracic segments usually 
have one pair of wings each 
Abdomen typically 11 
segments 


Genital apertures near 
anus on abdomen 


Gut may be coiled 
No hepatic caecae 


Commonly a complicated meta- 
morphosis. Development may be 
direct with a nymphal stage or 
indirect with larval stages 

No gills in adult. Gas exchange 
by tracheae 


e.g. Periplaneta (cockroach) 
Apis (bee) 
Pieris (white butterfly) 


Terrestrial 
Divisions into prosoma and 
opisthosoma 


Prosoma of six segments not in any 
way homologous with the head of 
other arthropods 


Simple eyes 
No true gnathites 


Segments 4—7 each possess a pair of 
walking legs 


Abdomen typically 13 

segments not all externally visible in 
some cases 

Genital apertures on second 
abdominal segment 

Highly specialised gut to deal with 
liquid food 

Hepatic caecae open into 
mesenteron 

No larval form 


Gas exchange by internal air spaces, 
‘lungs’ or ‘gill’ books or tracheae 


e.g. Scorpio (scorpion) . 
Epeira (web-spinning spider) 


4.10.1 General adult insect morphology 


External anatomy 


The body of an adult insect is usually divided into three 
distinct regions, the head, thorax and abdomen (fig 4.37). 
The head bears one pair of jointed antennae whose form 
may vary considerably, eyes which may be of two types 
(compound and simple), and movable mouthparts. The 
mouthparts of insects are very diverse in form and function. 


Indeed insects may be classified into two groups on the 
basis of the construction of their mouthparts: chewing 
insects or mandibulate, and sucking insects or haustellate. 

Whilst the two types of mouthparts differ considerably in 
appearance, their components are homologous (parts of 
different species that have the same evolutionary origin but 
serve different purposes because the organisms possessing 
them have undergone adaptive radiation). The mandibu- 
late type is the more primitive. Three pairs of appendages 
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Dorsal view 
of 9 Cyclops sp. 


Dorsal view of 
Lithobius forficatus 


Dorsal view of 
Carcinus maenas 


i 
Hawker dragonfly = 
Aeschna juncea 
wingspan 9 cm 


Garden spider 
Araneus diadematus 
body about | cm 


Common rat flea 
Nosopsyllus fasciatus 
2.5-4 mm 


make up the mouthparts of an adult insect. They are the 
mandibles, maxillae and segmental palps, and the second 
maxillae which are usually divided into an upper lip 
(labrum) and a lower lip (labium). 

The thorax is subdivided into three regions, the pro-, 
meso-, and metathoracic segments. A pair of spiracles is 
present on the meso- and metathoracic segments. The 
thorax also bears three pairs of legs. Again there is 
tremendous variation in the construction of the legs and the 
functions they perform. The legs may be modified for 
walking, running, leaping, swimming, grasping or even the 
production of sound. Most insects possess wings, but some 
orders such as Thysanura and Collembola, are entirely 
wingless. Usually there are two pairs of wings, one pair on 
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Barnacles 


Fig 4.36 A variety of arthropods 


the mesothorax and the other pair on the metathorax. The 
most primitive forms of wing are the membranous w ings as 
seen in the Hymenoptera and Diptera. Other forms 
evolving from these include the hairy wings of the 
Trichoptera, scaly wings of the Lepidoptera, the leathery 
covers (tegmina) of the Orthoptera, and the horny wing 
covers (elytra) ofthe Coleoptera. In the Diptera the second 
pair of wings has been replaced by a pair of balancing 
organs, the halteres. 

The number of abdominal segments varies from between 
3-11. Most segments are without any appendages, but 
segments 8 and 9 may possess reproductive appendages. In 
some species the 11th segment bears cerci. Spiracles are 
usually present on abdominal segments 1-8. 


antenna 


compound eye 


prothorax 


mesothorax 


metathorax. 


mesothoracic leg. 


metathoracic leg 


10th abdominal tergum 


Fig Dorsal view of a cockroach (male) 


thoracic. 
lion 


| thoracic. 
lion 


minal 


v muscles 


raushroome-shaped 
nd 


cium 


Fig 4.38 Internal anatomy of male cockroach 


Internal anatomy 


The alimentary canal generally consists of a mouth, 
pharynx, oesophagus, crop, gizzard and intestine (fig 4.38). 
The size of the organs varies according to the nature of the 
diet of the insect. 

The blood of an insect does not circulate through its body 
in arteries and veins; instead it flows through a haemocoel. 
The dorsal heart is a simple tube closed posteriorly and 
open at its anterior end. It is perforated at points along its 
length by pairs of lateral holes called ostia. Contractions of 
the heart, beginning posteriorly and moving forwards, 
force the blood towards the anterior end of the insect. The 


flying wing 


abdomen 


anal cercus 


salivary gland 


salivary receptacle 


tracheal trunk 


crop 


digestive caeca 


gizzard 


midgut 


colon 


blood is pumped out into the haemocoel where it bathes all 
tissues. It later percolates back into the heart. 

Commissures connect the dorsal cerebral ganglion to a 
ventral suboesophageal ganglion. The ventral nerve cord 
consists of segmentally arranged ganglia joined by connec- 
tives. It runs the length of the insect body. Cephalisation is 
considerable, this being correlated with the highly de- 
veloped antennae and eyes. 

Gas exchange is effected by a tracheal system consisting 
of a number of air tubes which pass to all parts of the body. 
The tubes open out onto the surface of the insect via 
apertures called spiracles (fig 4.37). The spiracles may be 
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opened and closed, the mechanism being closely related to 
the levels of oxygen and carbon dioxide in the blood. 

Malpighian tubules are the chief organs of nitrogenous 
excretion in most insects. They excrete uric acid. The uric 
acid is mixed with faeces in the hindgut and eventually 
expelled via the rectum. If necessary, water can be 
reabsorbed by the rectum. 

The sexes are separate in insects. Typically the female 
reproductive system consists of two ovaries and two lateral 
oviducts which unite to form a common oviduct. This leads 
to the vagina. Accessory glands and a spermatheca are also 
present. The male possesses a pair of testes and a pair of 
lateral sperm ducts (vasa deferentia). The lower part of 
each duct is enlarged to form a seminal vesicle in which 
sperm are stored. The sperm ducts unite to form a common 
ejaculatory duct which leads into an extensible or eversible 
penis. Accessory glands which secrete seminal fluid are also 
present (fig 4.38). 


4.10.2 Insect life histories 


Life histories of insects are very variable and 
often highly complex. In many, a process called metamor- 
phosis (meta, change; morphe, form) occurs. This is an 
abrupt change of form or structure of the animal during the 
course of its life cycle. 

In the more primitive insect groups the larval stages 
often resemble the adult (imago) during development. 
Each successive larval form (called a nymph or instar) 
usually looks more and more like the adult. This form of 
development is termed hemimetabolous metamorphosis. It 
may be further subdivided into gradual metamorphosis, 
where the nymph lives in the same habitat as the adult and 
eats the same food, or incomplete metamorphosis, where 
the nymph possesses adaptive features which enable it to 


(a) copulation between 
single-sexed organisms 


wings fully formed after 
last moult 


six more 
moults 


wings visible as small 
pads at side of meso- and 
metathorax 


first moult 


NB nymph lives in the same habitat as the adult 
and eats the same food — gradual metamorphosis 


Fig 4.39 
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live in a different habitat and eat different food from that of 
the adult. This avoids competition for food between 
juvenile and adult. 

In more advanced groups, the larval stages are morpho- 
logically quite distinct from the adult. The sal larval 


moult produces a sedentary pupa, inside which a drastic 
metamorphosis produces the adult tissues, usi. compo- 
nents from the degenerating larval tissues. T * called 
holometabolous or complete metamorphosi: "tamor- 
phosis is under hormonal control, and is dis d more 
fully in section 21.7. 
4.10.3 Classification of insects «sed on 
types of metamorphosis used in the lit- history 
Class _ Insecta 
= E 
zoe 
Subclasses Pterygota Apterygota 
(winged, metamorphosis (wingless, metamorp^. 
present) absent; most primiti» 
fi S insects) 
Ss Orders: Collembola pringtails 
; bm Thysanura iverfish 
Exopterygota Endopterygota 


Holometabolous m 


Hemimetabolous metamorphosis phosis 


Direct development 
Wings develop externally 
Miniature stages — nymphs 
resemble adults 


Indirect developme 

Wings develop inter! 
Immature stages — | 

differ in structure an ction 
from adults 

Last pre-adult stage ipa 
Orders: 

Diptera — blowflies 
Lepidoptera — butter! 
moths 


Orders: 

Ephemeroptera — mayflies 
Dictyoptera — cockroaches 
Orthoptera — locusts 


juitoes 


animals separate 


eggs fertilised by sperm 
and passed into ootheca 
several days 

ootheca containing 16 


fertilised eggs deposited 
in sheltered spot 


six weeks 
nymphs hatch; they possess 


simple eyes, immature 
gonads, but NO wings 


Dictyoptera, Periplaneta americana (cockroach): (a) life cycle 


(b) 


(d) 


: compound eye 
prothoracic leg 


antenna 
prothorax 


mesothoracic leg 


metathoragic leg 


JE RP 


anal cercus 


Fig 4.39 (cont) (b) ootheca, (c) nymph, (d) imago 


(a) mating on wing in 
midsummer 


female ovipositor makes 
slits in leaves of 
aquatic plants and lays 
eggs there 

1 

/ 
K three 

weeks 


imago flies away 


wings dry, cuticle hardens 


5 z 
falling temperature ine 
autumn kills adults 


aquatic nymph (naiad) 
without wings emerges; 
gills in rectal region 
used for gaseous 
exchange 


final ecdysis 


immobile for 
several hours 


when wings approximately 
1 cm long, nymph climbs 
up on to à suitable plant 
for support, out of water 


first year 


feeds and grows; many 
moults during which wings 
gradually develop 


NB nymphs resemble the adult (imago) in 
general body form but possess adaptations 
which fit them to live in water, a habitat 
quite different to the terrestrial 
environment of the imago - incomplete 
metamorphosis 


Fig 4.40 Odonata, Aeschna juncea (dra, $ i 
ata, gontly): (a) life 
cycle, (b) aquatic nymph, (c) imago ‘lad 
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(a) 


—» after mating, female lays 
a 5-6 batches of 100 eggs 24h 
on organic debris 


S 
I 
I 
some can hibernate and | 
oyerwinter I very small larvae hatch 

I 
l 
i 
I 
l 
l feed continuously, moult 

"m twice or three times 

imago 

4 

/ 
/ 
/ 
Z pupa four days 
/ metamorphosis ww pupanun 
/ 3-Adays P d NB larva and imago are very diff 
> Waina at larva and imago are very different 
s f from each other in feeding habits and 
d structure; feeding larval stage and imago 
survive through a7 separated by sedentary pupa stage - 
complete metamorphosis 


(d) 


(b) larvae, (c) pupae, (d) imago 


Fig 4.41 Diptera, Musca domestica (housefly): (a) life cycle, 
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(a) 


overwinter 


pupate 


produces eggs 
(second brood) in August 


first brood imago 
emerges — short rest to dry 
wings and harden 


adults appear in May - 
aerial fertilisation 


female lays first brooc 


eggs in batches of 10-100) 


on underside of Brass 
leaves 


ten day 


small larvae 
(caterpillars) emerge and 
eat their egg shells; they 
have no antennae or 
compound eyes, and br 
via spiracles 


exoskeleton 


summer metamorphosis 2-3 feed voraci 
weeks pupa leaves and idly 
moults 5-6 times in three 


weeks 


NB pupation may last for only a few weeks 
in summer; if insect overwinters, then 

the pupa is the state maintained - complete 
metamorphosis 


Fig 4.42 Lepidoptera, Pieris brassicae (cabbage white 


butterfiy): (a) life cycle, (b) larvae, (c) pupa, (d) imago (female 


feeding from a garden buddleia bush) 


4.10.4 Implications of metamorphosis 


Metamorphosis enables the juvenile and adult 
forms to live in different habitats and exploit different 
sources of food, that is to occupy different ecological 
niches. This reduces competition between juveniles and 
For instance, dragonfly nymphs (naiads) prey upon 
tic insects and exchange gases via gills, whereas the 

attack terrestrial insects, live in air and exchange 
poses via tracheae. Also, lepidopteran larvae generally 
fed on foliage and possess chewing mouthparts, whereas 
no adults drink nectar and have sucking mouthparts. 
adults seldom grow after the last moult, metamor- 
iso allows the immature stages to provide the 
ind growing periods of the insect's life history. 


1.11 Phylum Echinodermata 


Chere are over 5000 known species of 

ns. They are all marine and are largely bottom- 
nhabiting shorelines and shallow seas. The adult 
^it pentamerous symmetry (a modified form of 


radial symmetry), this being secondarily developed from a 
bilateral ancestor (fig 4.43). Their most unique characteris- 
tic is the possession of a water vascular system, a complex 
of tubes surrounding the mouth and passing into the arms 
and tube feet. 


first cleavage 


second cleavage 


third cleavage 


spiral cleavage radial cleavage 


pattern in annelids, pattern in 
arthropods and echinoderms and 
molluscs chordates 


Fig 4.44 Comparison of methods of cleavage in animals 


(b) Crinoidea — 


(a) Holothuroidea- 
sea cucumber 


Fig 4.43 A variety of echinoderms 


sea lily 


(d) Echinoidea- 
sea urchin 


(c) Asteroidea — 
starfish 


Bonan 


Y 


" 
> 
$ 
D 
M 


(e) Ophiuroidea - 
brittle star 
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Table 4.9 Classification of phylum Echinodermata 


Phylum Echinodermata 


Characteristic features 

Triploblastic, coelomate 

All marine 

Water vascular system is part of the coelom 
Tube feet 

Calcareous exoskeleton 

No special excretory organs present 

Sexes are separate 


Basic larval stage called dipleurula, possesses ciliated band and is the main dispersive phase — pelagic 


Larva bilaterally symmetrical, adult shows pentamerous symmetry 


Class Asteroidea Class Echinoidea Class Crinoidea Class Ophiuroidea Class Holoth ea 
Free-living Free-living Attached during part or Free-living Free-living 
all of its life by aboral 
stalk 
Star-shaped, flattened Globular Star-shaped Star-shaped Cucumber-sh 
Arms not sharply Does not possess arms Arms Very long arms sharply Body not dr: ito arms 
demarcated from disc demarcated from central 
disc 
Few calcareous plates Numerous plates No spines Spines and calcareous No external 
in body wall; movable in body wall plates 
spines 
e.g. Asterias e.g. Echinocardium e.g. Antedon e.g. Ophiothrix e.g. Holothu: 
(starfish) (sea urchin) (feather star) (brittle star) (sea cucu ) 
There are a number of striking resemblances between 4.12.1 Subphylum Protochordata (A: rania) 
the echinoderms and chordates that lend support to the E P "T : 
suggested affinities between them. For example, radial A brief review of the major featur . of the 
cleavage occurs during the developmentofechinodermand tPree classes in this subphylum shows a gracio! trend 
chordate embryos. This contrasts with the spiral cleavage towards possession of all chordate features thro. yout the 
of annelids, molluscs and arthropods (fig 4.44). The entire life cycle. It establishes links between proto- 
blastopore (the opening of the blastocoel) forms the anusin  StOme (invertebrate) phyla, the echinoderms ind the 
echinoderms and chordates whereas it becomes the mouth Vertebrates and suggests a course for chordate ©. olution. 


in the annelids, molluscs and arthropods. On the basis of 
the fate of the blastopore, the former organisms are classed 
as deuterostomes, whilst the latter are termed protostomes. 


4.12 Phylum Chordata 


Table 4.10 Characteristic features of chordates. 


Phylum Chordata 


Characteristic features 

Notochord present at some stage in the life history. This is a flex- 
ible rod of tightly packed, vacuolated cells held together within a 
firm sheath 

Triploblastic, coelomate 

Bilateral symmetry 

Pharyngeal (visceral) clefts present 

Dorsal, hollow nerve cord 

Segmental muscle blocks (myotomes) on either side of the body 
Post-anal tail 

Closed blood system 

Blood flows forwards ventrally, backwards dorsally 

Ventral vessel connected to dorsal vessel by blood vessels located 
in the visceral arches 
Limbs formed from more than one body segment 
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4.12.2 Chordate phylogeny 


It has been proposed that the urochordate 
ascidian tadpole evolved into a pelagic fish-like chordate by 
neoteny, a process whereby the organism becomes sexually 
mature and reproduces whilst retaining the body form of 
the larval stage (fig 4.46). 

It is thought that the ascidian larva shared a common 
ancestor with the echinoderm larva (fig 4.47). The ciliated 
circumoral band of the echinoderm larva, in moving to à 
dorsal position and rolling inwards with its associated 
nervous tissue, gave rise to the dorsal hollow nerve cord. 
The tail muscle and notochord evolved and increased the 
locomotory power and internal support of the larva, hence 
increasing the organism's size and activity. 

During the late Devonian and lower Carboniferous 
periods land generally rose whilst the sea level was 
lowered. Consequently there was a redistribution of the 
aquatic medium. Professor Romer has suggested that it was 
this increasing lack of water and drying up of large areas 
that forced the crossopterygians (lobe-finned fish) onto 
land to seek new aquatic habitats (fig 4.48). As a result they 


dorsal nerve notochord dorsal vessel 
tube 


segmental myotomes 


pharyngeal slit : 
post-anal tail 


nx 


ductus 
ventral vessel heart cuvieri anus 


Fio 5 Diagram showing basic chordate features 


notochord rectum — atriopore 


hollow nerve cord 
pharynx 


mouth 


adhesive glands 


gill slits 


tail muscle block heart rudiment endostyle 


Fig 4.45 Ascidian tadpole 


Vertebrata 


Cephalochordata 
Urochordata 


semi-sessile adult 


"tadpole"-type larva Hemichordata 
Echinodermata 


ancestral 
coelomate 


“YmMH>oUROTACAOAY 


Fig 4.47 Evolution of chordates 
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Table 4.11 Classification of subphylum Protochordata. 


Class Hemichordata 


Class Urochordata 


Class Cephalochordata 


Non-chordate 


Terminal anus 


No trace of notochord in adult 


features Blood flows forward in dorsal blood No nerve cord in adult 
vessel Adult a sessile filter feeder, structurally 
Pelagic larva similar to holothurian nothing like a chordate 
echinoderm larva 

Chordate Tripartite body plan of preoral Gill slits in adult multiplied to form — Fish-like animals showing all 

features proboscis, collar and trunk large filter-feeding pharynx recognisable chordate features 
Notochord restricted to proboscis Larva an ascidian tadpole, possesses Notochord extends length o! ody in 
region the following features: notochord, larval and adult stages 
Pharyngeal slits, may have arisen pharyngeal slits, dorsal tubular nerve Large pharynx with clefts tonns 
initially to dispose of excess water cord, segmental myotomes, post-anal feeding mechanism 
created by feeding mechanism. tail Ciliated gill bars 
Latterly developed into food- Pharyngeal slits open into =i ium 
collecting device Segmental myotomes 

No head or limbs 

e.g. Saccoglossus e.g. Ciona intestinalis e.g. Amphioxus lanceolai 

Table 4.12 Classification of subphylum Craniata. 

Subphylum Craniata (Vertebrata) 

Characteristic features 

Well-developed central nervous system including brain 

Internal skeleton 

Pharyngeal clefts few in number 

Kidneys for nitrogenous excretion and osmoregulation 

Muscular ventral heart 

Two pairs of limbs 

Class Class Class Class Class Class 

Cyclostomata Pisces Amphibia Reptilia Aves Mammalia 

Slimy skin Scales placoid Soft skin Skin dry with horny Skin bears feathers, Skin bears hair «in two 


Paired limbs 
present 


e.g. Myxine 


(hagfish) 
Lampetra 
(lamprey) 


or cycloid 


Paired limbs or 
pectoral and pelvic 
fins 

Visceral clefts 
present in adult 

as gill clefts 
Lateral line system 
well-developed 


Inner ear, no middle 
or external ear 


Larval stage 


Eggs produced, 
external fertilisation 


e.g. Scyliorhinus 
(dogfish) 
Clupea (herring) 


Paired pentadactyl 
limbs 


Visceral clefts 
present in tadpole 
only, lungs in adult 
Lateral line system 
in tadpole only 


Inner and middle 
ear, no external ear 


Larval stage 


Eggs produced, 
external fertilisation 


e.g. Rana (frog) 
Bufo (toad) 


scales and bony 
plates 


Paired pentadactyl 
limbs usually present 


Visceral clefts 
never develop gills 


No lateral line 


Inner and middle 
ear, no external ear 


No larval stage 


Oviparous eggs laid, 
or eggs retained until 
hatching (ovovivi- 
parous), internal 
fertilisation 


e.g. Natrix 
(grass snake) 
Crocodylus 
(crocodile) 


legs have scales 


Paired pentadactyl 
limbs, front pair 
form wings 
Visceral clefts 
never develop gills 


No lateral line 


Inner and middle 
ear, no external ear 


No larval stage 
Yolky eggs in 
calcareous shells, 


oviparous, internal 
fertilisation 


e.g. Columba 
(pigeon) 
Aquila (eagle) 


types of gland: 
sebaceous or 
sudoriparous 
Paired pentadaciyl 
limbs 


Visceral clefts 
never develop gills 


No lateral line 


External, middle and 
inner ear, middle ear 
develops three ear 
ossicles 

No larval stage 

Eggs develop within 
mother (except two 
genera), viviparous, 
internal fertilisation 


Muscular diaphragm 
between thorax and 
abdomen 


e.g. Homo (Man) 
Canis (dog) 


N 


Agnatha (Silurian) 
Jawless fish 


Placodermi (late Silurian) 

Earliest jawed fish. Jaws allowed 
new and efficient means of 
obtaining food, provided a means 
of attack and defence and 
enabled organisms to manipulate 


environment 
Chondrichthyes (Devonian ` 
r AN í Osteichthyes (Devonian) 
\ yed jaws; no swim Bony fish 
bi lung; well-d 
sally heteros 


Crossopterygii 
Lobe-finned fish 2 median 
elements with lesser bones 


Actinopterygii 
Ray-finned fish radiating distally from them 
Dipnoi 
Lungfish 
Chondrostei m 
(Devonian) oelocanthii 


/Rhiphidistia ( Devonian) 
/ Line led to appearance of first 
/ land-dwelling tetrapods, the 
Amphibia. Notochord replaced by 
bony vertebral column; 


i arrangement of bones in paired 
Teleostei (Cretaceous) l limbs forms primitive 
Most advanced fish. pentadactyl limbs 
Homocercal tail; l 
paired fins reduced; Possible alternative route of f 
swim bladder; — evolution l Amphibia (Carboniferous) 
great adaptive radiation \ Land-dwelling tetrapods. 
Four pentadactyl limbs; 
\ adult uses lungs; 
\ reproduction in water; 
larva and metamorphosis; 
partially divided heart in adult 
b 
Reptilia (Carboniferous) 
Direct development from 
amniote egg; 
impermeable skin; 
poikilothermic 
complex bony skeleton; 
incompletely divided ventricle 
Aves (Jurassic) Mammalia (Jurassic) 
Shelled egg; Viviparity; 
feathers and wings; hair covering; 
atria and ventricles atria and ventricles 
completely divided; completely divided; 
brain enlarged; brain enlarged; 
elaborate behaviour diaphragm present; 
patterns; heterodont dentition; 
homeothermic homeothermic 


Fig 4.48 Evolution of vertebrates 
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began to spend more time on land. In order to exploit the 

terrestrial environment vertebrates had to overcome the 

following major problems. 

(1) Breathing gaseous oxygen — crossopterygians pos- 
sessed well-developed lungs and were therefore well 
equipped at the outset. Even so, they still possessed 
gills which were their main respiratory organs, with the 
lungs as a secondary means. 

(2) Desiccation — there is evidence that early amphibia 
retained their fish ancestor's scales and they are 
thought never to have ventured far from water. It was 
during the Permian that they evolved resilient body 
coverings. 

(3) Increased effect of gravity — the apparent increase in 
body weight in air meant new stresses on the vertebral 
column. It changed from being a compression strut to 
being a girder. Limbs and girdles were developed. 


(4) Change in locomotion — paired appendages became the 
main locomotory structures with the tail used for 
balance. In fish, locomotion is effected by body 
and tail with the paired fins being used for balance. 

(5) Reproduction — tetrapods must either develop 


methods for protecting eggs from desiccation o! return 
to water to reproduce. Amphibia have not solved this 
problem and adopt the latter alternative. 

(6) Irritability — changes in the sensory receptors hd to be 
made to cope with the new stimuli presen’ in the 


terrestrial environment. 


4.1 Using the key provided in fic 49 
attempt to classify as far as you can the rano- of 
animals provided by your teacher. 


Fig 4.49 Key for the classification of some invertebrate animals 


1. Animal unicellular, or colony 
of similar cells .. M 
Animal multicellular, eor 
all cells specialised for 
different functions .......... 2 


2. Animal forming whitish or 
greenish encrusting growth 
on stones or branches etc.; 
pierced by small holes; tex- 
ture spongy ... 


PROTOZOA 


PORIFERA 
(Spongillidae) 


Animals not forming an en- 
crusting growth .............. 3 


3. Animal attached, with tubu- 
lar body surmounted by 
tentacles; flexible and re- 
tracting on disturbance .... COELENTERATA 


. ! : (Hydrozoa) 
Animal microscopic, usually 


under 2 mm with con- 
spicuous crown of cilia. The 
body usually with a capsule 
or cuticle often of definite 
plates; often a ‘foot’ ending 
in two terminal small 
pIOCeSSes: ios eres ROTIFERA 
Animal not as above ........... 4 


4. Animal under 2 mm, elon- 
gate, body forked poster- 
iorly; cuticle usually bear- 
ing spines and scales. Cilia 
at front and on parts of 
SUE fHOS. nicnn 

Animal very small, with one 
or two suckers; with or 
without forked tail (cer- 
CANIASEAGE) srira TREMATODA 

Animal unlike either of above 5 


5. Animal colonial, with a 
number of  tentaculate 
heads, the tentacles bear- 
ing cilia. Usually attached 


GASTROTRICHA 


but capable in few cases of 
slow creeping .. POLYZOA 
Animal not colonia a S 
6. Animals with a hard inflexible 
shell (MOLLUSCA ), from 
which a soft, unsegmented, 


body projects ................ 7 
Animals without a hard in- 
flexible shell .... = 8 


7. Snails, with single coiled 
shell, or limpet-like ......... 
Bivalves, with two valves or 
shells joined by a hinge ..... 


8. Segmented or unsegmented 
worm-like animals, never 
with jointed limbs, where 
segmented with more than 
JAsegments Lee eoa 9 

Segmented animals with a 
hard jointed integument 
and usually with jointed 
limbs(ARTHROPODA) 18 


9. Unsegmented animals with- 
out bristles or suckers ...... 10 
Segmented animals either 
with bristles on the seg- 
ments or a sucker at front 
and hind ends ................ 12 


GASTROPODA 


LAMELLIBRAN: | |, ATA 


10. Round-sectioned, elongate, 
with body enclosed in cuti- 
cle; no cilia, ends of body 
usually pointed ... i 

Animal variable shape, often 
flat, not very elongate. No 
cuticle; body capable of 
contraction. Ciliated ....... 11 


11. Reddish-yellow worm about 
1 cm long with protrusible 
proboscis above the mouth 
(usually protruded when 
animal dropped into spirit) 


NEMATODA 


NEMERTINA 


Flat, often with proboscis 
bearing the mouth; move- 
ment characteristically 
gliding over substratum or 
surface of water. Colour 
usually black, yellowish, 
brown, or whitish 


\nimals bearing a sucker at 
noth ends; segmentation 
well marked; never bearing 
bristles (leeches) 

ais never with sucker at 
yth ends, (and only in one 
nall group of parasites, on 
vyfish with any suckers). 
Usually with bristles 
»uped into bundles, one 
each side ventrally and 
or more on each side 
rsally per segment (OLI- 
CHAETA) 


ing bristles, sucker pos- 


URONG ierccoes cos aav 
small, transparent 

is with long chaetae .. 
worms, or if small, 
nout prominent chaetae 
more than 

tae per bundle ......... 
nore than two chaetae 
indle 


two 


(to 36 mm) whitish, 
ish, or yellowish 
ns with straight or S- 
d, pointed bristles ... 

' to large (to 200 mm) 
. some of the bristles 
atthetip . 


17. The families Lumbriculidae, 
»ryctidae, — Criodrili- 
ind Lumbricidae are 

vere and are best sepa- 
ted on characters of the 
ductive system 

\rthropods: small animals 

with globular or pear 
shaped, usually transparent 
bodies; three or four pairs 
of limbs, usually with hairs 
or bristles and often bran- 
GREG M 
Arthropods also with globular 
but usually opaque bodies, 
often bright red and mostly 
lacking visible segments; 
four pairs of limbs when 
adult; three when imma- 
ture .... 


PLATYHELMINTHES: 
TURBELLARIA 


HIRUDINEA 


13 


BRANCHIOBDELLIDAE 
14 


NAIDIDAE 
15 


16 
17 


ENCHYTRAEIDAE 


TUBIFICIDAE 


IMMATURE CRUSTACEA 


ARACHNIDA 
19 


19. 


20. 


21. 


22. 


23. 


24. 


Arthropods with elongate 
bodies, bearing 3 pairs of 
legs or lacking legs; head 
bearing antennae (1 pair) 
and mouth parts, thorax 


bearing legs, abdomen 
usually legless except for 
CekGLOFEBIIIS, sees oen ern 


Arthropods with more than 
six legs, segmentation well 
marked, head bearing an- 
tennae (2 pairs), usually 
with abdominal append- 
ages 


Animal a typical spider, hairy 
body, unwetted by water 
and building air-filled ‘bell’ 
CHADIDED ETT 

Animal smaller, without 
attached air bubble 


Animals small (1 mm), elon- 
gate, with short, stumpy 
legs, living usually among 
wet moss, Essais 

Animals with rounded body, 
elongate legs, palps with 4 
or 5 joints, often brightly 
coloured (red) or patterned 
brown. Usually above 
1 mm, adults often free 
swimming, sometimes 
QW cave sacesscnsdansswerae 


Small crustacea, less than 
3 mm, variable number of 
legs, usually transparent 
and free swimming in sur- 
face waters (zooplankton); 
often with carapace and 
with branched appendages 
bearing bristles 

Large crustacea, more than 
3 mm, bottom living or 
swimming above the bot- 
tom 


More than 5 pairs legs 
5 pairs legs only 


Animal flattened laterally 
from side to side, swim- 
ming on side, abdominal 
appendages of two kinds, 
the longest at the back ...... 


Animal dorso-ventrally flat- 
tened, all limbs of equal 
size, resembling wood- 
JOURE sas erras inima 


INSECTA 


CRUSTACEA 
21 


Argyronecta aquatica 


20 


TARDIGRADA 


ACARINA (mites) 


MICROCRUSTACEA 


22 


23 
24 


AMPHIPODA 
(Gammaridae) 


ISOPODA (Asellotidae) 


Eriocheir sinensis 
(mitten crab) 
Astacus pallipes 
(crayfish) 


125 


Chapter Five 


Chemicals of life 


Introduction to biochemistry 


The study of the chemicals of living organisms, 
or biochemistry, has been closely associated with the great 
ansion in biological knowledge that has taken place 
this century. Originally a supporting subject, 
icularly for medicine, biochemistry has grown into a 
"ne in its own right, studied to degree level in most 
of higher education. Its importance lies in the 
codamental understanding it gives us of physiology, that is 
in which biological systems work. This in turn finds 
uon in fields like agriculture (development of 
s, herbicides and so on); medicine (including the 
lo pharmaceutical industry); fermentation industries 
ir vast range of useful products, including alcoholic 
^d and nutrition, including dietetics, food 
ion and preservation; and some more recent 
tions like enzyme technology and production of new 
f food and fuel. 
Piochemistry is also one of the great unifying themes in 
«t this level, what is often striking about living 
| is not so much their differences as their 


3.1.1 Elements found in living organisms 


The Earth's crust contains approximately 100 

enneal elements and yet only 16 of these are essential for 
hese 16 are listed in table 5.1. The four most common 
ents in living organisms are, in order, hydrogen, 
carbon, oxygen and nitrogen. These account for more than 
99% of the mass and numbers of atoms found in all living 
organisms. The four most common elements in the Earth's 
crust, however, are oxygen, silicon, aluminium, and 


Table 5.1 The elements found in living organisms. 


sodium. The biological importance of hydrogen, oxygen, 
nitrogen and carbon is largely due to their having valencies 
of 1, 2, 3 and 4 respectively and their ability to form more 
stable covalent bonds than any other elements with these 
valencies (see appendix A1.1.3). 


The importance of carbon 


Carbon exhibits many unique features in its chemistry that 
are fundamental to life. A whole branch of chemistry, 
organic chemistry, is devoted to the study of carbon and its 
compounds. What are these unique features? Carbon has 
an atomic number of six because it has six electrons orbiting 
a nucleus containing six protons (fig A1.1). The nucleus 
also contains six neutrons, the protons and neutrons 
combining to give it a mass number of 12. In its chemistry it 
acquires a full (stable) outer shell of eight electrons by 
sharing four electrons. Thus, it is covalent (shares 
electrons) and has a valency of four (it shares four 
electrons). 

A simple example of this sharing is shown in fig A1.24d, 
for the compound methane, whose molecular formula is 
CH, and whose structural formula is also shown in fig 
A1.2d. 


5.1 From what you have read, what is the 
difference between molecular and structural formu- 
lae? 


When carbon is joined to four atoms or groups, the four 
bonds are arranged symmetrically in a tetrahedron (fig 
5.1). If the three-dimensional arrangement of atoms is 
important, the convention shown in fig 5.1b can be used. 
Another convention commonly used is to omit carbon 


Chief elements of Tons Trace elements 
organic molecules 

H hydrogen Nat sodium Mn manganese 
C carbon Mg* magnesium Fe iron 

N nitrogen Ci- chlorine Co cobalt 

O oxygen Kt potassium Cu copper 

P phosphorus Ca^ calcium Zn zinc 

S sulphur 


B boron 
Al aluminium 
Si silicon 


V vanadium 
Mo molybdenum 
I  iodine 


Elements in each column are arranged in order of atomic mass, not abundance. Those in the first 


three columns are found in all organisms. 
(Based on A. L. Lehninger, Biochemistry, Worth. N.Y. 1970) 
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(b) conventionally 
HN written as: 


two bonds in 
plane of page 


bond behind 
plane of page 


plane of page 


Fig 5.1. Tetrahedral arrangement of carbon bonds 


structural formula 


can be written as 


Fig 5.2 Two ways of representing the structural formula of 
ethanoic acid (acetic acid), CH,;COOH 


atoms, and any hydrogen atoms joined to carbon atoms, 
from the structural formula. A simple example is ethanoic 
acid (acetic acid), shown in fig 5.2. You will see also from 
this figure why its molecular formula can be represented as 
CH;.COOH. 

Knowing that the valency of carbon is 4, it is possible to 
deduce the location of missing hydrogen atoms. The 
advantage of this convention is two-fold: it simplifies 
diagrams of structural formulae and allows stress to be 
placed on the more important chemical groups. 

The importance of carbon, then, lies in the way it forms 
strong, stable covalent bonds. This it can do with other 
carbon atoms, and with other types of atoms. 

Carbon can form covalent bonds with other carbon 
atoms to form stable chains or rings, a property not shown 
to such an extent by any other element (fig 5.3). This ability 
is largely responsible for the vast variety of organic 
compounds; C—C bonds can be regarded as the skeletons 
of organic molecules. 


(a) chain of 


(b) ring of. 
C atoms 


Catoms 


H 
HH H 
QVVV A NA 
Pa We YY I i 
| {\, H^ «cV Nu 


| 


H 


C,H}, octane C,H,, benzene 


Fig 5.3 Examples of chain and ring structures formed by 
C-C bonds 
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5.2 Draw the structural formulae of (a) 
octane and (b) benzene, using the convention 
. described in fig 5.2. 


Carbon atoms commonly form covalent bonds with H, 
N, O, P, and S. Combination with these and other « !ements 
contributes to the large variety of organic compounds, 

Multiple bonds. A further imporiont prop- 
erty of carbon is its ability to form strong multiple vonds, a 
property shared with oxygen and nitrogen. The multiple 
bonds are: 

double bonds:  —C—C-— =Cc=0 N— 

triple bonds: —Cc=C— —C=N 

(rare in nature) 

Compounds containing double = or triple arbon- 
carbon bonds are called unsaturated. In satur- 
ated carbon compound, all carbon-carbon bonds are 


single. 


5.3 Draw the structural formula *) the 


unsaturated organic compound ethene (eth: ne), 
C;H,. 
Summary. The important chemical properties 
of carbon are 

(1) it is a relatively small atom with a low mas: 

(2) it has the ability to form four strong, stable covalent 
bonds, 

(3) it has the ability to form carbon-carbon bonds, thus 
building up large carbon skeletons with ring and/or 
chain structures, 

(4) it has the ability to form multiple covalent bonds with 
other carbon atoms, oxygen and nitrogen. 

This unique combination of features is responsible for 
the enormous variety of organic molecules. Variation 


occurs in three major ways: size, determined by the carbon 
skeleton, chemistry, determined by the associated ele- 
ments and chemical groups and how saturated the carbon 
skeleton is, and shape, determined by geometry. that is 
angles of the bonds. 


5.1.2 Simple biological molecules 


Having seen which elements are found in 
organisms, it is necessary to examine which compounds 
they form. Again, there is a fundamental similarity 
between all living organisms. Water is the most abundant 
compound, typically constituting between 60-95% of the 
fresh mass of an organism. Certain simple organic 
molecules are also universally found; these act as building 
blocks for larger molecules and are listed in table 5.2. They 
are discussed more fully later. 

Thus relatively few types of molecule give rise to the 
larger molecules and structures of living cells. They are the 
kinds of molecules which biologists speculate could have 


Table 5.2 Chemical ‘building blocks’ of organic 
compounds. 


molecules Constituent of 
ling blocks") 


iino acids proteins 


ig 
polysaccharides 
and nucleic acids 


saccharides) 


ids, glycerol 
ine lipids 
nucleic acids 


c bases 


ithesised in the ‘primeval soup’ of chemicals which 

1t to have existed in the early history of the planet, 

ile itself appeared (section 24.1). These simple 
are made in turn from even simpler, inorganic 
notably carbon dioxide, nitrogen and water. 


Importance of water 


vater, life could not exist on this planet. It is 
portant to living organisms because it is both a 
ical constituent of living cells and, for many, a 
tds worth while, then, looking at some of its 
ind physical properties. 

re rather unusual and due mostly to its small size, 


drogen bond 
| Hó* 6* very small positive charge 
| J 67 very small negative charge 
507 
Mn S 105° 
N 
Fig 5 wo water molecules, showing polarity of the 


€ and formation of a hydrogen bond between them 


anion 
s+ 
= [] 
e» öt 
qu 
ele ica 5t 
electrostatic attraction between,» Ó 
polar water molecules and ions E 
exceeds attraction between cation ò 25- 
and anion R 
cation 
O hydrogen 


© oxygen 


its polarity and to hydrogen-bonding between its mole- 
cules. Polarity is an uneven charge distribution over a 
molecule. In water, one end of the molecule is slightly 
positive and the other slightly negative. This is known as a 
dipole. The more electronegative oxygen atom tends to 
attract the single electrons of the hydrogen atoms. Water 
molecules therefore have an electrostatic attraction for 
each other, opposite charges coming together and causing 
them to behave as if they were ‘sticky’ (fig 5.4). These 
attractions are not as strong as normal ionic bonds and are 
called hydrogen bonds. With these features in mind, some 
of the biologically significant properties of water can be 
examined. 


Biological significance of water 


Solvent properties. Water is an excellent 
solvent for polar substances. These include ionic sub- 
stances like salts, whose charged particles (ions) dissociate 
(separate) in water when the substance dissolves as 
described in fig 5.5, and some non-ionic substances like 
sugars and simple alcohols which contain charged (polar) 
groups within the molecules, such as the hydroxyl (—OH) 
groups of sugars and alcohols. 

Once a substance is in solution its molecules or ions can 
move about freely, thus making it more chemically reactive 
than if it were solid. Thus the majority of the cell’s chemical 
reactions take place in aqueous solutions. Non-polar 
substances, such as lipids, are immiscible with water and 
can serve to separate aqueous solutions into compart- 
ments, as with membranes. Non-polar parts of molecules 
are repelled by water and usually group together in its 
presence, as when oil droplets coalesce in water to form 
larger oil droplets, that is non-polar molecules are 
hydrophobic (water-hating). Such hydrophobic inter- 
actions are important in maintaining the stability of 
membranes, many protein molecules, nucleic acids and 
other subcellular structures. 

Water's solvent properties also mean that it acts as a 
transport medium, as in the blood, lymphatic and excretory 
systems, the alimentary canal and in xylem and phloem. 


High heat capacity. The specific heat capac- 
ity of water is the amount of heat, measured in joules, 
required to raise the temperature of 1 kg of water by 1 °C. 
Water has a high heat capacity. This means that a large 
increase in heat energy results in a relatively small rise in 
temperature. This is because much of the energy is used in 
breaking the hydrogen bonds (overcoming the 'stickiness") 
which restrict the mobility of the molecules. 


Fig 5.5 (left) Distribution of water molecules around an anion 
(—) and a cation (+). Note that the more negatively charged 
oxygen atom of water faces inwards to the cation but 
outwards from the anion. This occurs when ionic substances 
dissolve in water. Due to their polarity, water molecules 
weaken the attraction between ions of opposite charge and 
then surround the ions, keeping them apart. The ions are said 
to be hydrated 
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Temperature changes within water are minimised as a 
result of its high heat capacity. Biochemical processes 
therefore operate over a smaller temperature range, 
proceeding at more constant rates and are less likely to be 
inhibited by extremes of temperature. Water also provides 
à very constant external environment for many cells and 
organisms. 


High heat of vaporisation. Latent heat of 
vaporisation (or relative latent heat of vaporisation) is a 
measure of the heat energy required to vaporise a liquid, 
that is to overcome the attractive forces between its 
molecules so that they can escape as a gas. A relatively 
large amount of energy is needed to vaporise water. This is 
due to the hydrogen bonding. As a result, water has an 
unusually high boiling point for such a small molecule. 

The energy imparted to water molecules to vaporise 
them thus results in loss of energy from their surroundings, 
that is a cooling effect occurs. This is made use of in 
sweating and panting of mammals, the opening of the 
mouth of some reptiles in sunshine, such as crocodiles, and 
may be important in cooling transpiring leaves. The high 
heat of vaporisation means that a large amount of heat can 
be lost with minimal loss of water from the body. 


High heat of fusion. Latent heat of fusion (or 
relative latent heat of fusion) is a measure of the heat 
energy required to melt a solid, in this case ice. With its 
high heat capacity, water requires relatively large amounts 
of heat energy to thaw it. Conversely, liquid water must 
lose a relatively large amount of heat energy to freeze. 
Contents of cells and their environments are therefore less 
likely to freeze. Ice crystals are particularly damaging if 
they develop inside cells. 


Density and freezing properties. The density 
of water decreases below 4 "C and ice therefore tends to 
float. It is the only substance whose solid form is less dense 
than its liquid form. 

Since ice floats, it forms at the surface first and the 
bottom last. If ponds froze from the bottom upwards, 
freshwater life could not exist in temperate or arctic 
climates. Ice insulates the water below it, thus increasing 
the chances of survival of organisms in the water. This is 
important in cold climates and cold seasons, and must have 
been particularly so in the past, such as during Ice Ages. 
Also, the ice thaws more rapidly by being at the surface. 
The fact that water below 4 °C tends to rise also helps to 
maintain circulation in large bodies of water. This may 
result in nutrient cycling and colonisation of water to 
greater depths. 


High surface tension and cohesion. Cohe- 
sion is the force whereby individual molecules stick to- 
gether. At the surface of a liquid, a force called surface 
tension exists between the molecules as a result of inwardly 
acting cohesive forces between the molecules. These cause 
the surface of the liquid to occupy the least possible surface 
area (ideally a sphere). Water has a higher surface tension 
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than any other liquid. The high cohesion of water 
molecules is important in cells and in translocation of water 
through xylem in plants (section 14.4). At a less fun- 


damental level, many small organisms rely c surface 
tension to settle on water or to skate over its surface, 

Water as a reagent. Water is biologically 
significant as an essential metabolite, that is it participates 
in the chemical reactions of metabolism. In particular, it is 
used as a source of hydrogen in photosynthesis (section 
9.4.2) and is used in hydrolysis reactions. 

Water and evolutionary change. impor- 
tance of water to living organisms is reflected in the fact 
that its shortage appears to have been a major selection 
pressure in the development of species. This is 2 recurrent 
theme in chapters 3 and 4 where, for example, the 
restrictions placed on certain plants by their motile gametes 
are discussed. All terrestrial organisms are adapted to 
obtain and conserve water, and the extreme ad tions of 
xerophytes, desert animals and so on, provide some 
fascinating examples of biological design. 

Some of the biologically important functions o! water are 


summarised in table 5.3. 


Table 5.3 Some biologically important functions o! 
water. 


All organisms 

Structure — high water content of protoplasm 

Solvent and medium for diffusion 

Reagent in hydrolysis 

Support for aquatic organisms 

Fertilisation by swimming gametes 

Dispersal of seeds, gametes and larval stages of aquatic 
organisms, and seeds of some terrestrial species e.g. coconut 


Plants 

Osmosis and turgidity (important in many ways, such as growth 
(cell enlargement), support, guard cell mechanism) 

Reagent in photosynthesis 

Transpiration and translocation of inorganic ions and organic 
compounds 

Germination of seeds — swelling and breaking open of the testa 
and further development 


Animals 

Transport 

Osmoregulation 

Cooling by evaporation, such as sweating, panting 
Lubrication, as in joints 

Support — hydrostatic skeleton 

Protection, for example lachrymal fluid, mucus 
Migration in ocean currents 


Macromolecules 


The simpler organic molecules associate to 
form larger molecules. A macromolecule is a giant 
molecule made from many repeating units; it is therefore a 
polymer and the unit molecules are called monomers. 
'here are three types of macromolecule, namely polysac- 
‘harides, proteins and nucleic acids and their constituent 
monomers are monosaccharides, amino acids and nuc- 
s respectively. 
cromolecules account for over 90% of the dry mass of 

fable 5.4 summarises the important properties of 
omolecules. 
^lierences between macromolecules are discussed in 


5.1.3 


tabte 544 Characteristics of macromolecules, 


detail later, but one key point is that nucleic acids and 
proteins can be regarded as ‘informational’ molecules, 
whereas polysaccharides are ‘non-informational’. This 
means that the sequence of subunits is important in proteins 
and nucleic acids and is much more variable than in 
polysaccharides, where only one or two different subunits 
are normally used. The reasons for this will become clear 
later. In the rest of this chapter, we shall be studying the 
three classes of macromolecules and their subunits in 
detail. In addition, lipids, although generally much smaller 
molecules (average M, 750-2 500) will be included since 
they generally associate with each other into much larger 
groups of molecules. 


Polysaccharides Proteins Nucleic acids 
c formula mass 10:-10* 10:105 10-10" 
ular mass) (typical) (typical) (typical) 
monosaccharides amino acids nucleotides 
(Many types, though few (20 common types. All may be — (5 types, 4 used in DNA, 4 in 
commonly used. Usually only 1 used in 1 molecule.) RNA.) 


type per molecule. Sometimes 2 
types alternate.) 


B or non-branching May be branched 
nd joining subunits Glycosidic bond — 2 types 


No branching 


Phosphodiester bond 
(Sugar-phosphate bond) 


No branching 
Peptide bond 


Oih operties common to all three types of macromolecule: 


(i) bonds between subunits are formed by elimination of water 
(condensation), 
(ii) formation of bonds requires energy, 


(iii) bonds between subunits are broken by addition of water 


(hydrolysis). 


Fabie 5.5 Some common chemical groups found in organic molecules. 


H 


ldehvde 
Kk k group " 
F oxidation 


ie) 


CK. or—CHO—°_+—COOH 
carboxylic acid 


2H , —CH,OH 
reduction primary alcohol 


Keto 
(compound containing this [o 2 
group is called a ketone) 


group 


/ reduction 
M 
Hydroxyl group —OH 
H 
Primary alcohol —CH,OH or —G—H 
group OH 
£ \ HH 
Secondary alcohol group CHOH or /C 
H 
O 
> `% a 
Carboxyl group COOH or — 
di ‘oH 
Carbonyl group 256-0 


2H 
lc—0— — — — —CHOH 
secondary alcohol 


note that this group is present in alde- 


hydes, ketones and carboxylic acids 
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5.2 Carbohydrates (saccharides) EIS EP dr tomulg 


of each of these types of sugar? 
Carbohydrates are substances with the general we 9 


formula C, (H,O),, where x and y are variable numbers; 


f 3 : : i ions of monosaccharides are summarised i 
their name (hydrate of carbon) is derived from the fact that bebe’ functions dis 
hydrogen and oxygen are present in the same proportions a uie 

R i .6 that monosaccha: de 
as in water. All carbohydrates are aldehydes or ketones " It will e" seen Vic ene z as'buildin Kio o es 
and all contain several hydroxyl groups. Their chemistry is JI portanuas energy ié les. Th £ itai Ma: 
determined by these groups. For example, aldehydes are synthesis of larger molecules. Rey are Suutabie the ithe 
very easily oxidised and hence are powerful reducing latter role because they are chemically reactive » ecules 
agents. The structures of these and some related groups are and show 4 i rk 9r ep run 8 ie 
shown in table 5.5, together with some typical chemical ^ Vàáriation in number of carbon atom 3 onec, 
reactions of aldehydes and ketones Some other important features which contribu ) their 

Carbohydrates are divided into three main classes, variety are discussed below. 
mono-, di- and polysaccharides, as shown in fig 5.6. Aldoses and ketoses 
In monosaccharides, all the carbon atoms excep! ne have 
92 Monosaccharides a hydroxyl group attached. The remaining car! tom is 
Monosaccharides are single sugar units. Their ^ either part of an aldehyde group, in whic! se the 
general formula and some of their properties are shown in monosaccharide is called an aldose or aldo sugar is part 
fig 5.6. They are classified according to the number of of a keto group, when it is called a ketose or k+: sugar. 
carbon atoms as trioses (3C), tetroses (4C), pentoses (5C), Thus all monosaccharides are aldoses or ketosc 1e two 
hexoses (6C) and heptoses (7C). Of these, pentoses and simplest monosaccharides are the trioses glyc: ehyde 
hexoses are the most common. and dihydroxyacetone. Glyceraldehyde has a» — \chyde 
CARBOHYDRATES 
‘SUGARS’ POLYSACCHA s 
Paysical Small molecules (low M,) Macromolecules (hig! 
Properties weet Not sweet 
Readily soluble in water Insoluble or slightly so! in water 
Crystalline Non-crystalline 


Suffix -ose used in naming, 
e.g. glucose, sucrose 


MONOSACCHARIDES DISACCHARIDES 
Synthesis ‘Simple sugars" Made by joining two Made by joining many m iccharides 
monosaccharides d is i 


Diagrammatic 
representation 


of structure =) 


( e represents a monosaccharide ) 


T tage bonds Molecules sometimes branched 


General formula (CH;O), where = 3-9 Usually C,,H,,0,, C,(H,0), 
(two hexoses) queri 
Chemical All reducing sugars Some reducing, some non-reducing Non-reducing 
properties sugars (see section 5.2.2) 


Fig 5.6 Classification of carbohydrates. Note that the term ‘sugar’ is supe 


( [ r rfluous but convenient because mono- and 
disaccharides share certain properties, such as sweetness of taste 
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Table 5.6 Chief functions of monosaccharides. 


Trioses C,H,O, e.g. glyceraldehyde, dihydroxyacetone 


Intermediates in respiration (see glycolysis), photosynthesis (see dark reactions) and other branches of carbohydrate metabolism 
Glyceraldehyde—glycerol—triglyceride(lipid) 


roses C,H,O, 
‘oye fi nature, occurring mainly in bacteria (not discussed further in this chapter) 


Veonoses C.H 0; e.g. ribose, ribulose 


s of nucleic acids; ribose is a constituent of RNA, deoxyribose of DNA 
of some coenzymes, e.g. NAD, NADP, coenzyme A, FAD, FMN 
of AMP, ADP, and ATP 
is of the polysaccharides called pentosans (see polysaccharides) 
se bisphosphate is the CO, acceptor in photosynthesis 


H,O, e.g. glucose, fructose, galactose, mannose 


nergy when oxidised in respiration; glucose is the most common respiratory substrate and the most common monosaccharide 
F disaccharides; monosaccharide units can link together to form larger molecules; combinations of 2-10 monosaccharides 
! oligosaccharides, the most commonly occurring oligosaccharides are the disaccharides, made up of two monosaccharides 
iÍ the polysaccharides called hexosans (see polysaccharides), glucose is particularly important in this role 


dor s of Monosaccharides 
; portant derivatives of monosaccharides are sugar alcohols, sugar acids, deoxy sugars and amino sugars 


 — sugaralcohol, e.g. glycerol, used in lipid synthesis. Sugar alcohols sometimes act as storage 
reduction 


carbohydrates, e.g. mannitol in Fucus and some fruits. 
aldose) —2H_, —CH,OH 
2H 


iketose) ————» 2CHOH 


a igar o ——»  sugaracid Sugar acids are important intermediates in carbohydrate metabolism. Some, 

mee e.g. glucuronic acid, are constituents of the polysaccharides used in gums, 

HO (aldose) —2—»—COOH mucilages and cell walls. Vitamin C (ascorbic acid) is a sugar acid derived from a hexose. 
CHOH (aldose —24_, cpyo—2-» —coon 


or ketose) 


ue — deoxy sugar Most important is deoxyribose, formed by deoxygenation of ribose, and used in 
Ost RY DNA synthesis. 
replacing —OH group 


with—H 


(iii) Sugar 


(iv) Sugar 24d -NH |. 
(amino group) 
—OH of carbon 22x —NH, 


aminosugar e.g. glucosamine, used in synthesis of chitin and formed in many 
polysaccharides of vertebrates. Galactosamine used in synthesis of cartilage. 


group and dihydroxyacetone a keto group, and they can be 
regarded as the parent compounds of the aldoses and 
ketoses respectively (fig 5.7). 


5.5 


If you have little experience of che- 


mistry, it might be useful to answer the following with 

reference to fig 5.7. 

(a) What is the valency of each element? 

(b) What is the total number of each type of atom? 
Does it conform with the molecular formula? 

(c) How many hydroxyl groups does each molecule 
contain? Could this have been predicted know- 
ing they were trioses? 

(d) Can you recognise any other chemical groups 
not labelled in this diagram? 


Fig 5.8 shows some other common aldoses and ketoses. In 
general, aldoses, such as ribose and glucose, are more 
common than ketoses, such as ribulose and fructose. 


Fig5.7 Structures of glyceraldehyde and dihydroxya 
groups are always at the end of the chain of C atoms 


aldehyde group 


‘cho 
H'C*OH 
H?C*OH 
H?C*OH 


*CH,OH 


ribose 


L«— aldehyde group 


glyceraldehyde 


ALDOSES 


La — primary alcohol 
group CCH,OH) "| 


5.6 Which sugars in fig 5.8 are pentoses 


and which are hexoses? 


Optical isomerism 


Another important structural characteristic o! 
charides is the occurrence of isomerism. If tw 
compounds have the same molecular formula, t! 
to be isomers of each other. Two types of isom: 


structural and stereoisomerism. Structural is; 


due to different linkings of the atoms or group: 
molecules. Thus all hexoses are structural isor 
other (fig 5.8 - compare glucose, mannose, gi) 
fructose, all with the same molecular formula 

Stereoisomerism occurs when the same atom: 
are joined together but are arranged differen: 
Two kinds of stereoisomerism occur, geometrii 
isomerism. We are not concerned with geome: 
ism, which involves certain compounds contai 
bonds. Optical isomerism, however, is an 
biologically significant feature of monosacc! 
amino acids. 


dihydroxyacetone 


monosac- 
lifferent 
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m occur, 
erism is 
thin the 
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ose and 
H205). 

r groups 
| space. 
optical 
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cetone. Note carefully the positions of the aldehyde and keto groups. “idehyde 


KETOSES 
‘CHO ‘CHO "CHO keto group \CH,OH 
| 
H?C*OH HO'C*H H'C*OH Cen 
HO'C*H HO'C*H HO'C*H HO'C*H 
H*C*OH H*C*OH HO‘C*H H*C*OH H*C*OH 
H°C*OH H:C*OH H°C*OH *CH,OH H°C*OH 
*CH,OH *CH,OH *CH,OH 5CH,OH 
glucose mannose galactose ribulose fructose 


Fig 5.8 Some common aldoses and ketoses. C atoms are numbered according to convention. * asymmetric C atoms — see 


optical isomerism 
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Certain solid compounds when dissolved to form a 
solution (and certain liquid compounds) possess the power 
to rotate the plane of vibration of plane-polarised light, and 
are said to be optically active. Plane-polarised light is light 
vibrating in one plane only, whereas light normally vibrates 
in all planes perpendicular to its direction of transmission. 
it is easier to understand this by studying fig 5.9, which 

i normal light being artificially converted to plane- 
sed light by a polariser, and then having its plane of 

risation changed by an optically active substance. 
1f the substance rotates the plane of polarisation to the 
it is said to be dextro-rotatory and if to the left 
otatory. The degree of rotation can be measured by 
‘rument called a polarimeter. 


ource of 
light 


light vibrating in all planes 
at right-angles to direction 
XN of transmission 


*plane-polarised light": light 
vibrating in one plane only 


tube containing optically 
active liquid or solution 


irised light rotated to 
ince therefore 
orv’ 
direction of 
on transmission 
T of light 


Principles of optical isomerism 


| isomerism is a property of any compound which 

ist in two forms whose structures are mirror images. 

ght- and left-handed gloves, such structures cannot 

c imposed on each other. In organic compounds this 
occurs when a carbon atom has four different atoms or 


w (a) 


g «a  — — asymmetric carbon atom_______» (C 


z 


- 


carbol 


groups attached to it. Such a carbon atom is called an 
asymmetric carbon atom. The principle is illustrated in fig 
5.10a where it can be seen that the tetrahedral arrangement 
of bonds about the central, asymmetric carbon atom means 
that there are two possible arrangements of the groups in 
space, forming two mirror images. Glyceraldehyde pro- 
vides a simple example of a monosaccharide showing 
optical isomerism. It possesses one asymmetric carbon 
atom and exists in two forms as shown in fig 5.105. 

Dextro-rotatory compounds are given the prefix ‘d’- or 
more recently (+) and laevo-rotatory compounds 'l'- or 
more recently (—). The two isomers of glyceraldehyde are 
called the p-isomer (dextro-rotatory) and the L-isomer 
(laevo-rotatory). (Note the use of small capitals.) AII 
optical isomers of monosaccharides can be structurally 
related to one of these two forms of glyceraldehyde. By 
convention, if the asymmetric carbon atom furthest from 
the aldehyde or ketone group has its hydroxyl group in the 
same position as in p-glyceraldehyde, the isomer is called 
the p-isomer, and if in the same position as in L- 
glyceraldehyde, it is called the L-isomer. This is irrespective 
of the direction in which they rotate plane-polarised light. 
All the isomers shown in fig 5.8 are p-isomers, as are 
virtually all naturally occurring monosaccharides. How- 
ever, the direction in which they rotate plane-polarised 
light varies. p-glucose for example rotates it to the right, 
whereas D-fructose rotates it to the left. The p- and 
L-isomers of glucose are shown in fig 5.11 and it will be seen 
that they are mirror images. 

Although D- and L-isomers of the same substance have 
the same chemical and physical properties, and are 
therefore given the same chemical name, such as D- and 
L-glyceraldehyde, their three-dimensional differences have 
biological significance in one important respect, namely 
that enzymes, which depend on recognition by shape, can 
distinguish between the mirror images. It is possible that 
early in evolution an arbitrary bias to accept the p-isomers 
of sugars was established since their L-isomers are rare in 
nature. Naturally occurring amino acids, however, are all 
L-isomers. 


w, X, y, and z 
represent different 
atoms or groups 


"n 
ta 
x Z 


the tetrahedral arrangement of bonds about the central asymmetric 
n atom means that there are two possible arrangements of the 


groups in space, forming two mirror images 


Fig 5.10 Optical isomerism (a) Diagram illustrating the principle of asymmetry of carbon atoms. 
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H — — — C* — —— 0H 
CH,OH 


D(+)-glyceraldehyde 


(b) 


Fig 5.10 (cont.) (b) Two ways of representing optical 
isomers (mirror images) of glyceraldeyde and (c) molecular 
models of the two isomers 


Tu Tam 
HC*OH HOC*H 
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CH;,OH CH;OH 
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D-glucose L -glucose carbon atom 


Fig 5.11 D- and L-isomers of glucose. Note that they are 
mirror images 
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L(-)-glyceraldehyde 


Ring structures 


Fig 5.8 shows pentoses and hexoses represented as straight 
chain molecules. Because of the bond angles between 
carbon atoms, however, it is possible for sugars with five 
and six carbon atoms to form stable ring structures. In 
pentoses, the first carbon atom joins with the oxygen atom 
on the fourth carbon atom to give a five-membered ring 
called a furanose ring, as shown in fig 5.12. In hexoses 
which are aldoses, for example glucose, the first carbon 
atom combines with the oxygen atom on carbon five to give 
a six-membered ring, as shown in fig 5.13. This structure is 
known as a pyranose ring. In hexoses which are ketoses, 
such as fructose, the second carbon atom combines with the 
oxygen atom on carbon five to give a furanose ring. 

The ring structures of pentoses and hexoses are the usual 
forms, with only a small proportion of the molecules 
existing in the ‘open chain’ form at any one time. The ring 
structure is the form incorporated into disaccharides and 
polysaccharides. 


carbon | shown to right of 
| ring by convention 


| 'ci on ^? H 
H—?C —OH P bt 


A iC 

H B bos ———- H N V ee 
| 

H—'C—0H : | 


OH OH 


sse p-ribose with 5-membered 
furanose ring 


ventionally written as: 


The ring is at right-angles to 
the plane of the paper. The 
front portion is represented 
by thicker lines. The 
side-groups are located above 
and below the ring. 


and B -isomers 


Fig Three conventional ways of representing the 
struc f ribose 


€ D-glucose with 6-membered 
pyranose ring 


D-glucose * see a - and f) - isomers 


Fig 5.13 Two conventional ways of representing the 
Structure of glucose 


a- and /-isomers 


The ring structures have biological significance because 
their formation results in another carbon atom becoming 
asymmetric. This carbon atom is asterisked in figs 5.12 and 
5.13 and you will notice that each has a hydroxyl group 
(-OH) attached to it. This may be below the plane of the 
ring, as shown in figs 5.12 and 5.13, or above the plane of 
the ring. The former is the a-isomer, the latter the 
f-isomer. The existence of a- and B-isomers leads to 
greater chemical variety and is of importance in, for 
example, the formation of starch and cellulose (see 
polysaccharides). 


5.7 (a) Drawside by side, for comparison, 
the a- and B-isomers of D-ribose and D-glucose. 
(b) What type of isomerism is this? 


5.2.2 Disaccharides 


Fig 5.6 summarises some of the properties of 
disaccharides. They are formed by condensation reactions 
between two monosaccharides, usually hexoses, as shown 
in fig 5.14. 

The bond formed between two monosaccharides is 
called a glycosidic bond and it normally forms between 
carbon atoms 1 and 4 of neighbouring units (a 1,4 bond). 
The process can be repeated indefinitely to build up the 
giant molecules of polysaccharides (fig 5.14). The mono- 
saccharide units are called residues once they have been 
linked. Thus a maltose molecule contains two glucose 
residues. 

The most common disaccharides are maltose, lactose 
and sucrose: 

glucose + glucose = maltose, 

glucose + galactose = lactose, 

glucose + fructose = sucrose. 


Maltose is formed by the action of amylases (enzymes) on 
starch during digestion, for example in animals or 
germinating seeds. It is converted to glucose by the action 
of a maltase. Lactose, or milk sugar, is found exclusively in 
milk. Sucrose, or cane sugar, is most abundant in plants, 
where it is translocated in large quantities through phloem 
tissue. It is sometimes stored because it is relatively inert 
metabolically. It is obtained commercially from sugar cane 
and sugar beet and is the ‘sugar’ we normally buy in shops. 
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(a) 


7 i 


C,H,;0, MONOSACCHARIDE 
(e.g. glucose) 


*H;O 
hydrolysis 


HO 


+nH,O 


-H,O 
condensation 


OH 


MONOSACCHARIDE C,H,,0, 


+H,0 


OH 


C,,H,,0,, DISACCHARIDE 
Cael toes) glycosidic bond between 


carbon atoms | and 4 
(1, 4 glycosidic bond) 


-nH,O 


[e] o [0] O 
HO a - 


(C,H,0,), POLYSACCHARIDE 
(e.g. starch) 


cellulose 


Reducing sugars 


All monosaccharides and some disaccharides, including 
maltose and lactose, are reducing sugars. Sucrose is a 
non-reducing sugar. The chemistry of reduction is related 
to the activity of the aldehyde group of aldo sugars and the 
combined ketone and primary alcohol groups of keto 
sugars. In non-reducing sugars, these groups are not 
available to participate in a reaction since they are linked 
together in the glycosidic bond. Two common tests for 
reducing sugars, Benedict's test and Fehling's test (section 
5.8) make use of the ability of these sugars to reduce copper 
from a valency of 2 to a valency of 1. Both tests involve use 
of an alkaline solution of copper(II) sulphate (CuSO,) 
which is reduced to insoluble copper(I) oxide (Cu;O). 


Tonic equation: Cu?* + e- —» Cu+ 
blue solution brick-red precipitate 
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Fig 5.14 (a) Formation of a disaccharide and a 
polysaccharide. NB Only the relevant parts of the molecules 
are shown. A complete glucose molecule is shown in fig 
5.13. (b) Structure of cellulose. In some polysaccharides, 
units may be spun through 180° at each successive 
condensation, as in cellulose 


5.2.3 Polysaccharides 


Fig 5.6 summarises some of the properties of 
polysaccharides. They function chiefly as food and energy 
stores (for example starch and glycogen) and as structural 
materials (for example cellulose). They are convenient 
storage molecules for several reasons: their large size 
makes them more or less insoluble in water, so they exert 


no osmotic or chemical influence in the cell; they fold into 
compact shapes (see below) and they are easily converted 
to sugars by hydrolysis when required. 

^s we have already seen, polysaccharides are polymers 
of monosaccharides; polymers of pentoses are called 
pentosans and polymers of hexoses are called hexosans. 
Polvmers of glucose are glucosans. 


Starch 


aren is a polymer of glucose. It is a major fuel store in 
plants. but is absent from animals where the equivalent is 
n (see below). Starch has two components, amylose 
\ylopectin. Amylose has a straight chain structure 
ng of several thousand glucose residues, though the 
ils helically into a more compact shape. Amylo- 
ilso compact as it has many branches, formed by 
"sidie bonds (fig 5.15). It has up to twice as many 
residues as amylose. 


„> removal of 
water 
H (condensation) 
1,6 glycosidic 
*CHYOH bond formed by 


condensation 


cosidic bond 


Structure of amylopectin showing formation of one 


nsion of amylose in water gives a blue-black 

th iodine-potassium iodide solution, whereas a 

n of amylopectin gives a red-violet colour. This 

basis of the test for starch (section 5.8). Starch 

s accumulate to form starch grains. These are 

many plant cells, notably in the chloroplasts of 

ke fe 9.6), in storage organs such as the potato tuber, 

and i seeds of cereals and legumes. The grains appear to 

t ade of layers of starch and are usually of a 
characteristic size and shape for a given plant species. 


5.8 With reference to your answer to 
question 5.7, which isomer, a- or B-glucose, is used 
in making starch? 


Glycogen 

Glycogen is the animal equivalent of starch, being a storage 
polysaccharide made from glucose; many fungi also store 
it. In vertebrates, glycogen is stored chiefly in the liver and 
muscles, both centres of high metabolic activity where it 
provides a useful source of glucose for use in respiration. It 
is very similar in structure to amylopectin, but shows more 
branching. It forms tiny granules inside cells which are 
usually associated with smooth endoplasmic reticulum (fig 
7.5). The metabolism of glycogen is described in chapter 
ti 


Cellulose 
Cellulose is another polymer of glucose. 


5.9 Study the structure of cellulose in fig 
5.14b. Is it made of a- or B- glucose residues? (This 
should reveal why successive glucose residues are 
rotated at 180° in the cellulose molecule.) 


About 50% of the carbon found in plants is in cellulose and 
it is the most abundant organic molecule on Earth. It is 
virtually confined to plants, although it is found in some 
lower invertebrates and primitive fungi. Its abundance is a 
result of its being a structural component of all plant cell 
walls, constituting about 20-40% of the wall on average. 
The structure of the molecule reveals its suitability for this 
role. It consists of long chains of glucose residues with 
about 10 000 residues per chain (fig 5.145). Hydroxyl 
groups (—OH) project outwards from each chain in all 
directions and form hydrogen bonds with neighbouring 
chains, thus establishing a rigid cross-linking between 
chains. The chains associate in groups to form microfibrils, 
which are arranged in larger bundles to form macrofibrils. 
These have tremendous tensile strength (some idea of this 
strength can be obtained by testing cotton, which is almost 
pure cellulose) and their arrangement in layers in a 
cementing matrix of other polysaccharides is described in 
section 7.3.1. Despite their combined strength, the layers 
are fully permeable to water and solutes, an important 
property in the functioning of plant cells. Apart from being 
a structural compound, cellulose is an important food 
source for some animals, bacteria and fungi. The enzyme 
cellulase, which catalyses the digestion of cellulose to 
glucose, is relatively rare in nature and most animals, 
including Man, cannot utilise cellulose despite its being an 
abundant and potentially valuable source of glucose. 
Ruminant mammals like the cow, however, have bacteria 
living symbiotically in their guts which digest cellulose. The 
abundance of cellulose and its relatively slow rate of 
breakdown in nature have ecological implications because 
it means that substantial quantities of carbon are ‘locked 
up' in this substance, and carbon is one of the chief 
materials required by living organisms. Commercially, 
cellulose is extremely important. It is used, for example, to 
make cotton goods and is a constituent of paper. 


Callose 


Callose is an amorphous polymer of glucose found in a wide 
variety of locations in plants and often formed in response 
to wounding or stress. It is particularly important in phloem 
sieve tubes (chapter 14). It has 1,3 glycosidic linkages. 


Inulin 


Inulin is an unusual polysaccharide, being a polymer of 
fructose. It is used as a food store, particularly in roots and 
tubers of the family Compositae, for example Dahlia 
tubers. 
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5.2.4 Compounds closely related to poly- 


saccharides 


Brief mention has already been made of amino 
sugars and sugar acids in table 5.6. These molecules often 
participate in the same ways as simple sugars in the 
formation of polysaccharides, and their products are 
generally called mucopolysaccharides. They are of great 
biological significance. 


Chitin 


Chitin is closely related to cellulose in structure and 
function, being a structural polysaccharide. It occurs in 
some fungi, where its fibrous nature contributes to cell wall 
structure, and in some animal groups, particularly the 
arthropods where it forms an essential part of the 
exoskeleton. Structurally it is identical to cellulose except 
that the hydroxyl (—OH) group at carbon atom 2 is 
replaced by —NH.CO.CH,. This is a result of the amino 
sugar glucosamine combining with an acetyl group 
(CH;.CO—). Chitin is therefore a polymer of acetylgluco- 
samine (fig 5.16). It forms bundles of long parallel chains 
like cellulose. 


NHCOCH, 


NHCOCH, 
Fig 5.16 Structure of chitin 


NHCOCH, 


Glycoproteins and glycolipids 


Glycoproteins and glycolipids are important molecules 
containing a polysaccharide unit, and the structure and 
biological functions of glycolipids are described further in 
section 5.3.8. Table 5.7 gives further examples of the many 
roles played by polysaccharides and closely related com- 
pounds. The chief point to note is the existence of a great 
variety of molecules with different structures which, in 
turn, leads to a wide range of functions. 


5.10 Summarise the structures and func- 
tions of starch, glycogen, cellulose and chitin in a 
table similar to table 5.7. 

5.11 What structural features of carbo- 


hydrates account for the wide variety of polysacchar- 
ides? 
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5:3 Lipids 


Lipids are sometimes classified loosely as 


those water-insoluble organic substances which can be 
extracted from cells by organic solvents such as ether, 
chloroform and benzene. They cannot be defined precisely 
because their chemistry is so variable, but we could say that 


true lipids are esters of fatty acids and an alcohol, 


Esters are organic compounds formed b reaction 
between an acid and an alcohol: 
= ‘esterification’ 
acid + alcohol ————-> ester + water 
e.g. CH;.COOH + C,H,OH CH,COOC.1 + H,O 
ethanoic ethanol ethyl ethanosie — water 
acid (ethyl alcohol) 
(acetic acid) 
—COO— is an ester linkage. Note that an esto: li nkage is 


formed by a condensation reaction. 


5.12 What is a condensation pro ss? 


\ 
1 


5.3.1 Constitutents of lipids 

Fatty acids 
Fatty acids contain the acidic group—COOH (tH. carboxyl 
group) and are so named because some of ihe larger 
molecules in the series occur in fats. They hav general 


formula R.COOH where R is hydrogen or an «:kyl group 
such as —CH,, —C,H;, and so on (increasing by —CH; for 
each subsequent member of the series). R usually has many 
carbon atoms in lipids. Most fatty acids have an even 
number of carbon atoms between 14 and 22 (most 
commonly 16 or 18). The most common fattv acids are 
shown in fig 5.17. Note the characteristically long chain of 
carbon and hydrogen atoms forming a hydrocarbon tail. 
Many of the properties of lipids are determined by these 
tails, including their insolubility in water. The tails are 
hydrophobic (hydro, water; Phobos, fear). 

Fatty acids sometimes contain one or more double bonds 
(C=C), such as oleic acid (fig 5.17). In this case they are 
said to be unsaturated, as are lipids containing them. Fatty 
acids and lipids lacking double bonds are said to be 
saturated. Unsaturated fatty acids melt at much lower 
temperatures than saturated fatty acids. Oleic acid, for 
example, is the chief constitutent of olive oil and is liquid at 
normal temperatures (M.pt. 13.4 °C), whereas palmitic 
and stearic acids (M.pts. 63.1 °C and 69.6 °C respectively) 
are solid at temperatures to which living organisms are 
normally exposed. 


Table 5.7 Further examples of polysaccharides and closely related compounds. 
GM —————————————————————— M ÀMH E A 


Structure Name of ‘polysaccharide’ Units (residues) Function 
Structural Cell wall matrix — Pectins Galactose (a hexose) and Often form gels (commercial 
in plants galacturonic acid (the acid jellying agents). 


sugar of galactose). Pectic 
acid is polygalacturonic acid. 
Hemicelluloses Very mixed. Sugar residues — Further information on cell wall 
(mainly pentoses) and sugar matrix in chapter 7. 
acids, 


Bacterial cell Murein A polysaccharide cross- A structural component equivalent 
walls linked with amino acids. to cellulose of plant cell walls. 
Polysaccharide is alternating Unique to prokaryotes, 
units of 2 amino sugars 
(acetyglucosamine and 
another similar nitrogen- 
containing monosaccharide — 
compare chitin). 
Other polysaccharides Some are antigens in Gram positive 
bacteria. 


Outer coats of Glycoprotein, glycolipids Important in ability of cells to 
animal cells and other polysaccharides, ‘recognise’ each other and in 
e.g. hyaluronic acids antigenic properties. Intercellular 
lubrication. 


Connective Hyaluronic acid Alternating sugar acid and Part of ground substance of verte- 

tissue amino sugar residues. brate connective tissue, Important 
lubricant — found in synovial fluid 

‘mucopolysaccha- Chondroitin sulphate Similar to hyaluronic acid, — in joints and vitreous humour of 

rides’ — repeating eye. Forms very viscous solution, 

pairs of units, one Major component of cartilage, 

of which is always bone and other connective tissues. 

an amino sugar, Also cornea. 

c.g. glucosamine 


ve Heparin Related to chondroitin. Anticoagulant in mammalian blood 
and connective tissue. Secreted by 
most cells, 


Gums and mucilages Sugars (arabinose, Swell in water; gums form gels or 
galactose, xylose and sticky solutions, mucilages form 
rhamnose), and sugar acids looser gels or a slimy mass, Large, 
(glucuronic and galacturonic open, flexible molecules, often 
acids). complex and highly branched. 

Formed as a result of injury as hard, 
glossy exudates, e.g. gum arabic 
from Acacia. May also retain water 
for drought resistance, 


Food storage Mannan, arabinan Mannose, arabinose, In some plants. 
Hemicelluloses See above. Some seeds, c.g. dates, 
NB The suffix -an is used for polymers, e.g. glucose-»glucans (e.g. starch); mannose—»mannans etc. 
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stearic acid, C,,H,,;COOH, a saturated fatty acid; in palmitic 
acid, C,;H,,COOH, the tail is two carbon atoms shorter 


A MERC 


CH, 


acid head - polar 


CH, 


or more 


simply hydrocarbon tail - non-polar 


space-filling model of stearic acid 


CH; 
Fig 5.17 Some examples of common fatty acids 


5.13 Cells of poikilothermic ('cold- 
blooded') animals usually have a higher proportion of 
unsaturated fatty acids than homeothermic (‘warm- 
blooded') animals. Can you account for this? 


Alcohols 


Most lipids are esters of the alcohol glycerol (fig 5.18), 
and are therefore called glycerides. 


5.3.2 Formation of a lipid 


Glycerol has three hydroxyl (—OH) groups, 
all of which can condense with a fatty acid to form an ester. 
Usually all three undergo condensation reactions as shown 


in fig 5.18, and the lipid formed is therefore called a 
triglyceride. 


5.3.3 Properties and functions 


of trigly- 
cerides 


Triglycerides are the commonest lipids in 
nature and are further classified as fats or oils, according to 
whether they are solid (fats) or liquid (oils) at 20 °C. The 
higher the proportion of unsaturated fatty acids, the lower 
their melting points. 
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oleic acid, C,;;H,,COOH, an unsaturated fatty acid 


HQ P 


or more 
simply 


double bond 
causes kink in tail 


CH, 

CH, 

CH; 

CH; 

| space-filling mode 
CH; oleic acid 


5.14 Tristearin and triolein are bo lipids. 
Which is more likely to be an oil? 
Triglycerides are non-polar and therefore rc tively in- 
soluble in water. They are less dense than water and 


therefore float. 

A major function of lipids is to act as energy stores. They 
have a higher calorific value than carbohydrates, that is a 
given mass of lipid will yield more energy on oxidation than 
an equal mass of carbohydrate (see also chapter 11). Thisis 
because lipids have a higher proportion of hydrogen and an 
almost insignificant proportion of oxygen compared with 
carbohydrates. 

Animals store extra fat when hibernating, and fat is also 
found below the dermis of the skin of vertebrates where it 
serves as an insulator. Here it is extensive in mammals 
living in cold climates, particularly in the form of blubber in 
aquatic mammals such as whales, where it also contributes 
to buoyancy. Plants usually store oils rather than fats. 
Seeds, fruits and chloroplasts are often rich in oils and some 
seeds are commercial sources of oils, for example the 
Coconut, castor bean, soyabean and sunflower seed. When 
fats are oxidised, water is a product. This metabolic water 
can be very useful to some desert animals, such as the 


kangaroo rat, which stores fat for this purpose (section 
19.3.4). 


5.15 A camel stores fat in the hump 
primarily as a water source rather than as an energy 
source. (a) By what metabolic process would water 
be made available from fat? (b) Carbohydrate could 


also be used as a water source in the same 5 
What advantage does fat have over E sean 
5.3.4 Waxes 


Waxes are esters of fatty acids with long-chain 
alcohols. Their functions are summarised in table 5.8. 


§.3.5 Phospholipids 


Phospholipids are lipids containing a phos- 
hate group. The commonest type, phosphoglycerides, 
formed when one of the primary alcohol groups 
(oC }1,OH) of glycerol forms an ester with phosphoric acid 
HL PO,) instead of a fatty acid (fig 5.19). 
i he molecule consists of a phosphate head (circled in fig 
©) with two hydrocarbon tails (the fatty acids). 


Steroids and terpenes 


Steroids and terpenes can be classified as lipids 


from the substances involved in their synthesis, although 
not contain fatty acids. They are derived from 


th dc 


CHOH HO 


CH,OH 


glycerol 


three fatty acids 


S-carbon hydrocarbon building blocks called isoprene 
units, C.H,. Steroids all contain a nucleus composed of 17 
carbon atoms, methyl groups (—CH),) are usually attached 
at positions 18 and 19 as shown in fig 5.20 and a side-chain 
generally occupies position 17. 

In Man, the steroid present in largest amounts is 
cholesterol (fig 5.20), a key intermediate in the synthesis of 
related steroids, as well as being an important constitutent 
of plasma membranes. It is a steroid alcohol, or sterol, and 
is made in the liver. 

Steroids are abundant in plants and animals and have 
many important biochemical and physiological roles, as 
table 5.8 reveals. It is interesting to note that some plant 
steroids can be converted into animal hormones in the 
presence of relevant enzymes. 

Terpenes also have a wide range of physiological roles, 
particularly in plants (see table 5.8). 


5.3.7 Lipoproteins 


Lipoproteins are associations of lipids with 


proteins. Their functions are summarised in table 5.8. 


5.3.8 Glycolipids 


Glycolipids are associations of lipids with 
carbohydrates. The carbohydrate forms a polar head to the 
molecule, and glycolipids, like phospholipids, are found in 
membranes (table 5.8). 


lipid (triglyceride) 


CH,OC4—R' 


| il 
l 2 
M00 , CHO R 


water 


CH,OC4—R! 


-J o 
1 three ester i 
linkages (—C—O0-—) 


R', R? and R’ 


may be identical, e.g. tristearin has three stearic acid molecules and triolein has. 
three oleic acid molecules; however R', R? and R' are more usually different 


Fig 5.18 Formation of a lipid from fatty acids and glycerol by condensation reactions 
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^ 
POG OREO OSLO OD GOTO s 
CH, COO formed by condensation of 


glycerol with two fatty acids as 
shown in fig 5.18 


CH;O 


GLYCEROL 
WITH TWO 
FATTY 
ACIDS 


Ó PHOSPHORIC ACID PHOSPHOLIPID 


commonly 
H,O represented as: 

condensation A 

two non-polar hyd. rbon tails 


CH,.COO VP SG SGT SAO LOG OI OA "Sy polar head contains phosphate (fatty acids) j 
bic 


group; water-loving (hydrophilic) water-hating (hyd 


Fig 5.19 Formation of a phospholipid and simp!) sd 


representation of a phospholipid molecule. The sphate 
head is strongly polarised and is therefore water =oluble, 
unlike the non-polar tails. This is a biologically tant 

phosphoester link property, as will be seen when membranes are lied in 
chapter 7. Phospholipids derived from glycerol a led 
phosphoglycerides 


Table 5.8 Functions of lipids other than fats and oils. 


Waxes 

Mainly used as waterproofing material by plants and animals as in: 

additional protective layer on cuticle of epidermis of some plant organs, e.g. leaves, fruits, seeds (particularly xeroph ). 
skin, fur and feathers of animals, E 

exoskeleton of insects (see chitin). 

Beeswax is a constituent of the honeycomb of bees. 


Phospholipids 
Constituents of membranes. 


Steroids 

‘ah acids, e.g. cholic acid. Constituents of bile, forming part of bile salts which emulsify and solubilise lipids during digestion (chapter 
Sex hormones, e.g. oestrogen, progesterone, testosterone (chapter 20). 

Cholesterol (absent from plants (see text)). 

Vitamin D — rickets occurs if deficient. 

Cardiac poisons e.g. digitalis, used for heart therapy. 

Adrenocortical hormones (corticosteroids) e.g. aldosterone, corticosterone, cortisone (chapter 16). 


Terpenes 

Scents and flavours in ‘essential oils’ of plants e.g. menthol in mint, camphor (2, 3, or 4 isoprene units) 
Gibberellins — plant growth substances with 4 isoprene units (see chapter 15). í 
Phytol - component of chlorophyll (chapter 9) and vitamins A, E, and K, has 4 isoprene units. 
Cholesterol — derived from terpenes with 6 isoprene units. 

Carotenoids — photosynthetic pigments with 8 isoprene units (chapter 9). 

Natural rubber — thousands of isoprene units in regular linear arrangements. 


Lipoproteins 
Membranes are lipoprotein structures. 
Form in which lipids are transported in blood plasma and lymph. 


Glycolipids 
Components of cell membranes, particularly in myelin of nerve cells and on outer surfaces of nerve cells; chloroplast membranes. 
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steroid ‘nucleus’ 


some steroid hormones: 


oestrone 


(an oestrogen) 
HO 
Fig 5.20 Structures of steroids 
5.4 Amino acids 


Over 170 amino acids are currently known to 
occur in cells and tissues. Of these, 26 are constituents of 
proteins, 20 occurring commonly in protein structure (table 
5.9) 

Plants are able to make all the amino acids they require 
from simpler substances. However, animals are unable to 
synthesise all that they need, and therefore must obtain 
some ‘ready-made’ amino acids directly from their diet. 
Ihese are termed essential amino acids. It must be 
emphasised, however, that when considered as compo- 
nents of proteins within the animal body, the essential 
amino acids are no more important than those that the 
animals synthesise themselves. They are simply ‘essential’ 
because they cannot be synthesised by them. 


H o 


N—^ capi 
bh 


H 


i—a—a 


Fig 5.21 General formula of an amino acid 


oestradiol 


ab 
0 


alcohol group 


H 


OH 
o 
HO 
testosterone 
o 


corticosterone 


OH 
or 
COOH 
- 
(an oestrogen) 
Ho OH 


cholic acid (a bile 
acid, forms bile salts) 


5.4.1 Structure and range of amino acids 


With the exceptions of proline and hydroxy- 
proline which are imino acids (table 5.9), all amino acids 
are a amino acids, that is the amino (—NH,) group is 
attached to the a carbon of the related carboxylic 
(—COOH) group. The general formula of an amino acid 
can be seen in fig 5.21. 

The majority of amino acids possess one acidic carboxy- 
lic group and one basic amino group and are termed 
‘neutral’ amino acids. However, in some cases there may 
be more than one amino group present, giving rise to basic 
amino acids, or more than one carboxylic group giving rise 
to acidic amino acids. The R group represents the residual 
part of the molecule. Its composition varies considerably in 
different amino acids and is responsible for the unique 
properties they display. 

The simplest amino acid, glycine (fig 5.22), is formed 
when R is substituted by H. When the R group is anything 
but H, the groups attached to the « carbon will all be 
different. The carbon is therefore asymmetric. This means 
that the amino acid will possess two optically active forms. 
In fact, all amino acids but glycine are optically active and 
may exist in either the D or L forms. In nature amino acids 
are generally found in their L form. Optical isomerism is 
discussed earlier in this chapter. 
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Table 5.9 Common amino acids in proteins. 


Amino acid Abbreviation R group Notes 
Alanine Ala —CH, 
NH 
ZNH 
Arginine Arg CIGH NE Basic amino acid, essential for children 
NH, 
Asparagine Asn —CH;—CO—NH, R contains amide group 
Aspartic acid Asp —CH,—COOH Acidic amino acid 
Cysteine Cys —CH;—SH R contains sulphur 
Glutamine Gln —[CH,],—CO—NH, R contains amide group 
Glutamic acid Glu —[CH,],—COOH Acidic amino acid 
Glycine Gly —H 
Histidine His —CH, Basic amino acid, essential fo! children 
ls 
" H 
Isoleucine Ile —C----- C,H, Essential amino acid 
Sch 
AH 
Leucine Leu =CH =O. Essential amino acid 
CH, 
Lysine Lys —[CH,],—NH, Basic amino acid, essential 
Methionine Met —{CH,],—S—CH, Essential amino acid, R conta ilphur 
Phenylalanine Phe —CH,— Essential amino acid, R contains «somatic ring 
CH,*— CH, 
Proline Pro CH, NH = NH instead of —NH 
NH — ‘COOH called an imino acid — — 
(structure of whole molecule) "EE OH 
NS L^ 
eo in hydroxyproline 
Serine Ser —CH,—OH 
JOH 
Threonine Thr c Essential amino acid 
Tryptophan Trp —CH, R contains aromatic ring, essential amino acid 
NH 
Tyrosine Tyr —CH,— —OH R contains aromatic ring 
: ^ CH, 
Valine Val =H - Essential amino acid 
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H 
H [o] 
bue a 
á m d | SS 
OH 
H 
Fig 5.22 Glycine 
CH, 
H [e] 
be —s ov 
A T d | S 
OH 
H 


Alanine 


nen R is substituted by —CH,, the amino acid alanine 
med (fig 5.23). 
5.9 shows the names, three-letter abbreviations 
oups of the commonly occurring amino acids. 


Rare amino acids 


all number of rare amino acids occur in organisms. 
re derivatives of some of the common amino acids. 
»mple, hydroxyproline is a derivative of proline, and 
is ionad in collagen; hydroxylysine is a derivative of lysine, 
| so found in collagen. 
is no DNA triplet code for the rare amino acids, 
are derived by the modification of their parent 
iio acids after they have been incorporated into a 
tide chain. 


Non-protein amino acids 


Over 150 of these are known to occur, either free or in a 
combined form in cells, but never in proteins. For example, 
hine and citrulline are important metabolic intermedi- 
ates in the synthesis of arginine. Also GABA (y-amino 
butyric acid) is virtually unique to the nervous system. It is 
an inhibitory neurotransmitter, important in the brain. 


orni 


5.4.2 Properties of amino acids 


Amino acids are colourless, crystalline solids. 
They are generally soluble in water, but insoluble in 
organic solvents. In neutral aqueous solutions they exist as 
dipolar ions (zwitterions) and are amphoteric, possessing 
both basic and acidic properties. 


R 
B | P di 
H Rc ET ud 
P d | jsa 
H zx 
(the acidic - 
CNH,, being a H COOH 


dissociates, 
liberating H+ 
ions) 


base, possesses 
a high affinity 
for H* ions) 


Fig 5.24 Neutral zwitterion form of an amino acid 


Each amino acid has its own specific pH at which it will 
exist in its neutral zwitterion form and will be strongly 
dipolar (fig 5.24). If it is placed in an electric field at this 
pH, the amino acid will migrate neither to the cathode nor 
to the anode. The pH causing this electrical neutrality is 
called the isoelectric point of the amino acid. Thus each 
amino acid possesses its own specific isoelectric point. 

The amphoteric nature of amino acids is useful biologi- 
cally as it means that they can act as buffers in solutions, 
resisting changes in pH. They do this by donating H* ions 
as pH increases and accepting H* ions as pH decreases. Fig 
5.25 demonstrates what happens when an amino acid at the 
pH of its isoelectric point (a) has an acid added to it, and (5) 
has a base added to it. 


R 
H RS l o 
H——N*——C——C ^A 
H D id e 
H 
net charge zero, 
(a) solution made [rus tt nu (b) solution made 
more acid, i.e. pH more basic, i.e. 
reduced +Ht -H+\ pH increased 
R R 
H o H o 
H—nt—c— é T 
d E | San 7 Fá | Sis 
H H 


Htions accepted. The amino acid 
becomes positively charged and 
will migrate to the negative 
electrode (cathode) if placed in an 


H* ions donated. The amino acid 
becomes negatively charged and 
will migrate to the positive 
electrode (anode) if placed in an 


electric field. Net charge + 


Fig 5.25 Effect of (a) acid and (b) alkali on the isoelectric 
point of an amino acid 


electric field, Net charge — 


5.4.3 Linkages 


Amino acids are able to form a variety of 
chemical bonds with other reactive groups. These will later 
beshown to be of great significance in protein structure and 
function. 


Peptide bond 


This is formed when a water molecule is eliminated during 
interaction between the amino group of one amino acid and 
the carboxylic group of another. Elimination of water is 
known as condensation and the linkage formed is a covalent 
carbon-nitrogen bond, called a peptide bond (fig 5.26). The 
compound formed is a dipeptide. It possesses a free amino 
group at one end, and a free carboxylic group at the other. 
This enables further combination between the dipeptide 
and other amino acids. If many amino acids are joined 
together in this way, a polypeptide is formed (fig 5.27). 
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H j; A H i o 
bum or AMINO i 4 
". ACIDS A 
á OH 


S 
& | 


ie a i 


condensation H,O 
H R! [9] H o 
Sool | 4 
DIPEPTIDE N— C Q—— 
"2 [ 
2 H | H R SE 


free amino group peptide bond free carboxylic group 


Fig 5.26 Formation of a dipeptide by condensation of two 
amino acids 


R! [e] R 
| N | la 
C] * : 2 
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Be. 5-1 
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* peptide bond 


Fig 5.27 Part of a polypeptide showing the joining 
of three amino acids 


5.16 Write down the structural formula of 
the tripeptide formed by alanine, glycine and serine 
joined together in that order. 


lonic bond 


At a suitable pH an interaction may occur between ionised 
amino and carboxylic groups. The result is the formation of 
an ionic bond (fig 5.28). In an aqueous environment this 
bond is much weaker than a covalent bond and can be 
broken by changing the pH of the medium. 


o +—___part ofan R 


ce Stolen 
- part of an 
No H / group 


rl 


H 
written as: coo- nni 


Fig 5.28  /onic bond formation 


acidic and basic 
amino acids 
interacting 
COO^ and NH,+ 
could also be 
found at the free 
ends of 
polypeptide 
chains 
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Disulphide bond 
When two molecules of cysteine combine, neighbouring 
cysteine sulphydryl (—SH) groups are oxidised and 
subsequently form a disulphide bond (fig 5.29). Interchai 
or intrachain disulphide bonds may be formed. This is 
significant in protein structure (figs 5.32 and 5:33) 


-na 


oxidation | | reduction 


i 
Fig 5.29 Formation of a disulphide bond 


Hydrogen bond 


electrons Key 
e. ee | E 
— Qo? gó* : oð? còt polarity 
eo eo | a 


localised electrostatic 
attraction 


H-bond 


Fig 5.30 Formation of a hydrogen bond 


5.5 


Proteins 


Proteins are complex organic compounds 
always containing the elements carbon, hydrogen, oxygen 
and nitrogen, and in some cases sulphur. Some proteins 
form complexes with other molecules containing phos- 
phorus, iron, zinc and copper. Proteins are macro- 
molecules of high M, (relative formula mass or molecular 
mass), between several thousands and several millions, 


consisting of chains of amino acids. Twenty different amino 
acids are commonly found in naturally occurring proteins. 
The potential variety of proteins is unlimited because the 
sequence of amino acids in each protein is specific for that 
protein (section 22.6) and is genetically controlled by the 
DNA of the cell in which it is manufactured. Proteins are 
he most abundant organic molecules to be found in cells 
ind comprise over 50% of their total dry mass. They are an 
sential component of the diet of animals and may be 
nverted to both fat and carbohydrate by the cells. Their 
ictural diversity enables them to display a great range of 
ctural and metabolic activities within the organism. 


5.1 Size of protein molecules 


Simple peptides containing two, three or four 
> acid residues are called di-, tri- and tetrapeptides 
ctively. Polypeptides are chains of many amino acid 

s (up to several thousand — table 5.10). A protein 
ssess one or more polypeptide chains. 


Classification of proteins 


Because of the complexity of protein mole- 

and their diversity of function, it is very difficult to 
them in a single, well-defined fashion. Three 
‘itive methods are given in tables 5.11, 5.12 and 5.13. 


5.3 Structure of proteins 


Each protein possesses a characteristic three- 

imicosional shape, its conformation. In describing the 

'Jimensional structure of proteins it is usual to refer to 
separate levels of organisation as follows. 


Primary structure 
Ihe primary structure is the number and sequence of 
acids held together by peptide bonds in a 
polvpeptide chain (fig 5.31). It was the double Nobel 
prizewinner F. Sanger, working in Cambridge, who 
pioneered work on elucidating the amino acid sequence of 
proteins, He worked specifically with insulin (fig 5.32), a 


imi 


Table 5.10 Sizes of some proteins. 


hormone, and this was the first protein to have its amino 
acid sequence determined. It took him ten years (1944-54) 
to discover the sequence. Insulin is a compound of 51 
amino acids, with a M, of 5 733. The protein is composed 
of two polypeptide chains held together by disulphide 
bridges. 

Today, much of the amino acid sequencing is accomp- 
lished by machine, and several hundred protein primary 
structures are known. Another example, lysozyme, is 
shown in fig 5.33. 

There are over 10 000 proteins in the human body, all 
composed of different arrangements of the 20 fundamental 
amino acids, The sequence of amino acids of a protein 
dictates its biological function. In turn, this sequence is 
strictly controlled by the sequence of bases in DNA 
(section 22.6). Substitution of just a single amino acid can 
cause a major alteration in a protein’s function, as in the 
condition of sickle cell anaemia (section 23.9). Analysis of 
amino acid sequences of homologous proteins from 
different species is of interest, because it offers evidence 
about the possible taxonomic relationships between differ- 
ent species. This is dealt with in chapter 24. 


5.17 (a) Let the letters A and B represent 
two different amino acids. Write down the sequences 
of all the possible tripeptides that could be made with 
just these two amino acids. 

(b) From your answer to (a), what is the formula for 
calculating the number of different tripeptides that 
can be formed from two different amino acids? 

(c) How many polypeptides, 100 amino acids in 
length, could be formed from two different amino 
acids? 

(d) How many polypeptides, 100 amino acids in 
length (a modest length for a protein), could be made 
using all 20 common amino acids? 

(e) How many peptides/polypeptides could be made 
(any length) from all 20 common amino acids? 


M, Number of Number of 

Protein (molecular mass) amino acid residues polypeptide chains 
Ribonuclease 12 640 124 1 

Lysozyme 13 930 129 1 

Myoglobin 16 890 153 1 

Haemoglobin 64 500 574 4 

a amylase 97 600 Not known 2 

TMV = 40 000 000 = 336 500 2 130 


(Tobacco mosaic virus) 


The largest protein complexes are found in viruses where M,s of over 40 000 000 are commonly found. 
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Table 5.11 Classification of proteins according to structure. 


Type 


Nature 


Function 


Fibrous 


Secondary structure most important (little or no 
tertiary structure) 

Insoluble in water 

Physically tough 

Long parallel polypeptide chains cross-linked at 
intervals forming long fibres or sheets 


Perform structural functions in cells and organisms. 
components of connective tissue, collagen (tendon 
matrix), myosin (in muscle sarcomere), silk (spide: 


keratin (hair, horn, nails, feathers) 


Globular 


Tertiary structure most important 


Polypeptide chains tightly folded to form 
spherical shape 
Easily soluble to form a colloidal suspension 


Intermediate 


Fibrous but soluble 


Globulins of blood serum 


- important in immuno!c: 


Form enzymes, antibodies and some hormones, e 
Important in protoplasm as they hold water and « 
substances and serve to maintain molecular organi 


e.g. fibrinogen — forms in: 


soluble fibrin when bloo« 


eg. 
hone 
vebs), 


'sulin 


n 


ts 


Table 5.12 Classification of proteins according to composition. 


Proteins 
(i) Sinple (ii) Conjligated 
Only amino acids form their structure Complex compounds consisting of globular proteins and non-proteinaceo 
material; the non-proteinaceous material is called a prosthetic group 

(i) Simple proteins 
Name Properties Location 
Albumins Neutral Egg albumen 

Soluble in water Serum albumin of blood 

Soluble in dilute salt solution 
Globulins Neutral Antibodies in blood 

Insoluble in water Blood fibrinogen 

Soluble in dilute salt solution 
Histones Basic Associated with nucleic acid: 


Scleroproteins 
(only in animal kingdom) 


(ii) Conjugated proteins 


Soluble in water 
Insoluble in dilute ammonia solution 


Insoluble in water and most other 
solvents 


proteins of cell 


Keratin of hair, skin, feathe 
tendon; elastin of ligament 


s, in nucleo- 


Ts; collagen of bone matrix 


nd 


Name 


Prosthetic group 


Location 


Phosphoprotein 
Glycoprotein 


Nucleoprotein 


Chromoprotein 


Lipoprotein 
Flavoprotein 


Metal proteins 


Phosphoric acid 
Carbohydrate 


Nucleic acid 


Pigment 


Lipid 


FAD (flavin adenine dinucleotide, 
see section 11.3.6) 


Metal 


Casein of milk 
Vitellin of egg yolk 
Blood plasma 
Mucin (component of saliva 
Component of viruses 
Chromosomes 

Ribosome structure 
Haemoglobin — haem (iron. 
Phytochrome (plant pigmen 


) 


-containing pigment) 


t) 


Cytochrome (respiratory pigment) 


Membrane structure 


Lipid transported in blood as lipoprotein 
Important in electron transport chain in respiration 


E.g. nitrate reductase, 
nitrate to nitrite 


the enzyme in plants which converts 
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Table 5.13 Protein classification according to function. Proteins are also important in membranes where they function 
as enzymes, receptor sites and transport sites. 


Type 


Structural 


Enzymes 


Hormon 


Transpor! 


Protecti 


Contractile 
Storage 


Toxins 


Examples Occurrence/function 

Collagen Component of connective tissue, bone, tendons, cartilage 
Sclerotin Exoskeleton of insects 

a-keratin Skin, feathers, nails, hair, horn 

Elastin : Elastic connective tissue (ligaments) 

Mucoproteins Synovial fluid, mucous secretions 

Viral coat proteins "Wraps up' nucleic acid of virus 

Trypsin Catalyses hydrolysis of protein 


Ribulose bisphosphate 
carboxylase 
Glutamine synthetase 


Insulin \ 
Glucagon 
ACTH 
Haemoglobin 
Haemocyanin 
Myoglobin 
Serum albumin 
Antibodies 
Fibrinogen 
Thrombin 
Myosin 

Actin 
Ovalbumin 
Casein 

Snake venom 
Diphtheria toxin 


Catalyses carboxylation (addition of CO,) of ribulose 
bisphosphate in photosynthesis 

Catalyses synthesis of the amino acid glutamine from glutamic 
acid + ammonia 


Help to regulate glucose metabolism 
Stimulates growth and activity of the adrenal cortex 


Transports O, in vertebrate blood 
Transports O, in some invertebrate blood 
Transports O, in muscles 

Transport in blood, e.g. fatty acids, lipids 
Form complexes with foreign proteins 
Precursor of fibrin in blood clotting 
Involved in clotting mechanism 


Moving filaments in myofibril of sarcomere 
Stationary filaments in myofibril of sarcomere 
Egg white protein 

Milk protein 

Enzymes 

Toxin made by diphtheria bacteria 


[9 | H o Rè o H fe) 
ie 
N- c N N N te === 
u^ | 
H H 2 H H H R* 
peptide 
bond 


© 
(>) 


Fig 5.31 Portion of a polypeptide chain to show primary structure. A,, A, A, and A, represent different amino acids 
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Fig 5.32 (below) Primary structure (sequence of amino 
acids) of insulin. The molecule consists of two polypeptide 
chains held together by two disulphide bridges 


Fig 5.33 (right) The primary structure of lysozyme. 
Lysozyme is an enzyme that is found in many tissues and 
secretions of the human body, in plants, and in the whites of 
eggs. Its function is to catalyse the breakdown of the cell 
walls of bacteria. The molecule consists of a single 
polypeptide chain of 129 amino acid residues. There are four 
intrachain disulphide bridges 


glycine phenylalanine 
isoleucine valine 
valine asparagine 


glutamic acid glutamic acid 


glutamic acid histidine 
S — cysteine leucine 
cysteine ——— § ——— s — cysteine 


alanine 


glycine 
serine serine 
valine histidine 
— —— cysteine leucine 
serine valine 
leucine glutamic acid 
tyrosine alanine 
glutamic acid leucine 
leucine tyrosine 
glutamic acid leucine 
asparagine valine 
tyrosine Ss — "A 
ibus ———— 4 cg vin 
asparagine glutamic acid 
A CHAIN arginine 
glycine 


eee em 
Phenylalanine 
tyrosine 
threonine 
proline 
lysine 
alanine 


B CHAIN 
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Secondary structure 


In addition to the primary structure there is a specific 
secondary structure. It usually takes the form an 
extended spiral spring, the a-helix, whose structure is 


maintained by many hydrogen bonds which are fo med 
between adjacent CO and NH groups. The H atom «| the 
NH group of one amino acid is bonded to the O atom of the 
CO group three amino acids away (fig 5.34). ray 
diffraction analysis data indicate that the a-helix makes one 
complete turn for every 3.6 amino acids. 

A protein which is entirely a-helical, and hence fil: ous, 
is keratin. It is the structural protein of hair, wool, nails, 
claws, beaks, feathers and horn, as well as being fous in 
vertebrate skin. Its hardness and stretchability vary with 


the degree of cross-linking by disulphide bridges between 
neighbouring chains. 

Theoretically, all CO and NH groups can participate in 
hydrogen bonding as described, so the a-helix is a very 
stable, and hence a common, structure. In spite of this, 
most proteins are globular molecules in which there are 
also regions of B-sheet (see below) and irregular structure. 
This is due mainly to interference in hydrogen bonding by 
certain R groups, the occurrence of disulphide bridges 
between different parts of the same chain and the inability 
of the amino acid proline to make hydrogen bonds. 

Another type of secondary structure is the B-pleated 
sheet. Silk fibroin, the protein used by silkworms when 
spinning their cocoon threads, is entirely in this form. This 
protein comprises a number of adjacent chains which are 
more extended than the a-helices. They are arranged in a 
parallel fashion but running in opposite directions to each 
other. They are joined together by hydrogen bonds formed 
between the C—O and NH Broups of one chain and the NH 
and C—O groups of adjacent chains. Again, all NH and 
C=O groups are involved in hydrogen bonding, so the 
Structure is very stable. This is called the fi-configuration, 


and the whole structure is known as a -pleated sheet (fig each other to form a triple helix. There are about 1 000 


5.35). The t of fibroin has a high tensile strength and amino acid residues in each chain, and the complete triple 
cannot be tched, but the arrangement of the helix compound is called tropocollagen (fig 5.36). Again the 
polypeptide: kes the : silk very supple. In globular protein cannot be stretched and this is an essential part of 
proteins a s zie polypeptide chain may fold back on itself its functioning, for example in tendons, bone and other 
and form ons of B-pleated sheet. connective tissue. Proteins which exist entirely in the form 
Yet ano't: arrangement is seen in the fibrous protein of helical coils, such as keratin and collagen, are excep- 
collagen. } ree polypeptide chains are wound around tional. 
hydrogen bond 
if 
( 
Dp 
(a) ý 
LL 
Caza-Cat {each amino acid a-C atoms shown black 
Fig 5.34 Structure of the a-helix. (a) The a-C atoms are shown. A line joining them describes an a-helix. (b) the entire 


a-helix. (c) Part of the a-helix straightened out. Hydrogen bonds hold the helix in place 


Fig 5.35 (below) Beta-pleated sheet. The chains are held parallel to each other by the hydrogen bonds that form between the 
NH and CO groups. The side-groups (R) are above and below the plane of the sheet. (a) Two antiparallel polypeptide chains. 
(b) Drawing of three parallel chains to show pleating of structure between R groups 
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Fig 5.36 Collagen triple-helix structure 


Tertiary structure 


Usually the polypeptide chain bends and folds extensively, 
forming a precise, compact ‘globular’ shape. This is the 
protein’s tertiary conformation and it is maintained by the 
interaction of the three types of bond already discussed, 
namely ionic, hydrogen and disulphide bonds as well as 
hydrophobic interactions (fig 5.37). The latter are quantita- 
tively the most important and occur when the protein folds 
so as to shield hydrophobic side-groups from the aqueous 
surroundings, at the same time exposing hydrophilic 
side-chains. 


b. POE CES ELITS HIN hydrogen bond between amino 
acids 
s hydrogen bond between 
o Fac tate O ma side-chains 
S s disulphide bond formed by 
: sulphur-containing amino acids 
coo- HN+ ionic bond between charged 
i groups of polypeptide chains 


hydrophobic interaction of 


R R non-polar R groups 


Fig 5.37 (above) Summary of types of bond stabilising 
secondary and tertiary structures of proteins. Hydrophobic 
interactions (associations of non-polar molecules or parts of 
molecules) to exclude water molecules in the aqueous 
environment of the cell are particularly important in 
maintaining structure, as in membranes 


The tertiary structure of a protein can be determined by 
X-ray crystallography. By early 1963, Kendrew and Perutz 
had elucidated the secondary and tertiary structures of 
myoglobin using this technique (fig 5.38): 


primary structure = — single polypeptide chain of 153 
amino acids, the sequence was 
elucidated in the early 1960s; 

secondary structure — about 75% of the chain is «:-helical 
(eight helical sections); 

tertiary structure — — non-uniform folding of the «helical 
chain into a compact shap 

prosthetic group — haem group (contains iron 

Further information about the functions of myoy'. >in can 

be found in chapter 14. 

Quaternary structure 
Many highly complex proteins consist of an aggre ation of 
polypeptide chains held together by hydrophobic inter- 
actions and hydrogen and ionic bonds. Their precise 
arrangement is the quaternary structure. Haemoglobin 
exhibits such a structure. It consists of four -sparate 
polypeptide chains of two types, namely two a-chains and 
two p-chains. The two a-chains each contain 14: amino 
acids, while the two B-chains each contain 146 amin» acids, 

The complete structure of haemoglobin was work: out by 

Kendrew and Perutz and is illustrated in fig 5.3‘ 

The protein coats of some viruses, such as the | bacco 
mosaic virus, are composed of many polypeptide chains 


arranged in a highly ordered fashion (fig 2.15). 
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Ala — Lys 


Tyr — Lys — Glu — Leu — Gly — Tyr — Gin — Gly — COOH 


merican, December 1961. (c) 
myoglobin 


haem 


Fig 5.39 Structure of haemoglobin. The molecule consists of 
four chains: two alpha chains and two beta chains. Each 
chain carries a haem to which one molecule of oxygen binds. 
The assembly of a protein from separate subunits is an 
example of quaternary structure 


5.5.4 Electrical properties of proteins 


A considerable number of positive and nega- 
tive electrical charges are carried by protein molecules. 
Accordingly, proteins demonstrate amphoteric properties 
similar to those of amino acids, and also possess their own 
specific isoelectric points. At its isoelectric point a protein 
has no net charge. At pHs below its isoelectric point the 
protein is positively charged, and above its isoelectric point 
it is negatively charged. In either case the net charge which 
the protein bears is the same (either all positive or all 
negative) for all its molecules. The net electrostatic effect 
that this causes is repulsion between adjacent protein 
molecules, thus preventing their aggregation. At its 
isoelectric point the protein is at its least soluble due to the 
absence of electrostatic repulsion which would otherwise 
keep the molecules apart. The process of souring of milk 
illustrates this well. Casein is a soluble protein component 
of fresh milk. The pH of fresh milk is well above the 
isoelectric point of casein. However, when milk is soured 
by the production of lactic acid by bacteria, its pH is 
lowered to that of the isoelectric point of casein (pH 4.7). 
At this point casein is precipitated in the form of white 
curds. Most cytoplasmic proteins possess an isoelectric 
point at about pH 6. However since the cytoplasmic pH is 
approximately 7, the proteins are in an environment more 
alkaline than their isoelectric points, and hence carry 
negative charges. 

5.5.5 Denaturation and 
proteins 


renaturation of 


Denaturation is the loss of the specific three- 
dimensional conformation of a protein molecule, The 
change may be temporary or permanent, but the amino 
acid sequence of the protein remains unaffected, If 
denaturation occurs, the molecule unfolds and can no 
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longer perform its normal biological function. A number of 
agents may cause denaturation as follows. 


Heat or radiation. e.g. infra-red or ultra- 
violet light. Kinetic energy is supplied to the protein 
causing its atoms to vibrate violently, so disrupting the 
weak hydrogen and ionic bonds. Coagulation of the protein 
then occurs. 


Strong acids and alkalis and high concentra- 
tions of salts. Ionic bonds are disrupted and the pro icin is 
coagulated, Breakage of peptide bonds may occur :! the 
protein is allowed to remain mixed with the reagen: for a 
long period of time. 


Heavy metals. Cations form strong vonds 
with carboxylate anions and often disrupt ionic | nds. 
They also reduce the protein's electrical polarity an. thus 


increase its insolubility. This causes the prot. to 
precipitate out of solution. 

Organic solvents and detergents. ‘hese 
reagents disrupt hydrophobic interactions and form »onds 
with hydrophobic (non-polar) groups. This in turn © :uses 
the disruption of intramolecular hydrogen bonding. Vhen 


alcohol is used as a disinfectant it functions to denatu:¢ the 
protein of any bacteria present. 


Renaturation 


Sometimes a protein will spontaneously refold in'o its 
original structure after denaturation, providing conditions 
are suitable. This is called renaturation, and i: zood 
evidence that tertiary structure can be determined purely 
by primary structure and that biological structures can 


spontaneously assemble according to a few general 
principles. 
5.5.6 Mammalian protein metabolism 


Fig 5.40 provides a summary of mammalian 
protein metabolism. 


5.6 


Nucleic acids 


Nucleic acids, like proteins, are essential for 
life. They constitute the genetic material of all living 
organisms, including the simplest virus. 

The elucidation of the structure of DNA, one of the two 
types of nucleic acid, represents one of the outstanding 
milestones in biology because it finally solved the problem 
of how living cells, and therefore organisms, accurately 
replicate themselves and encode the information needed to 
control their activities. Table 5.4 shows that nucleic acids 
are made up of units called nucleotides. These are arranged 
to form extremely long molecules known as polynuc- 
leotides. Thus, to understand their structure, it is necessary 
first to study the structure of the nucleotide. 
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urea 
5.6.1 ' ucture of nucleotides 


ucleotide has three components, a 


5-carbon sug | nitrogenous base and phosphoric acid. (a) (9 
jar. The sugar has five carbon atoms, cae or M Jolnstajphosphale 
therefore it 1 a pentose. There are two types of nucleic e joinato Bate 
acids, depending on the pentose they contain. Those 
containing ribose are called ribonucleic acids (RNA) and 
those containing deoxyribose (ribose with an oxygen atom 
removed from carbon atom 2) deoxyribonucleic acids this oxygen removed 
(DNA) (fig 5.41). "e ln in deoxyribose 
/ Bases. Each nucleic acid contains four (b) bases (see fig 5.48 for bases in DNA) 

different bases, two derived from purine and two from > N 
Pyrimidine. The nitrogen in the rings gives the molecules " s , 
their basic nature. The bases are the purines, adenine (A) b. " y 
and guanine (G), and the pyrimidines, thymine (T) in DNA N N 
or uracil (U) in RNA and cytosine (C). Purines have two RN portialaine - 
rings and pyrimidines one ring in their structure. two rings — *joins to sugar one ring 
Es uS RN eerie uracil in place of thymine in (0) Pokoi 

emically very similar to uracil (it is OH 
5-methyl uracil, that is uracil with a methyl group on carbon 
atom 5). The bases are commonly represented by their me P 
Initial letters A, G, T, U and C. 

Phosphoric acid (fig 5.41). This gives nucleic H V joineto super 
* 


acids their acid character. Fig 5.42 shows how the sugar, 
base and Phosphoric acid combine to form a nucleotide. ^ Fig 5.41 Components of nucleotides 
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Fig 5.42 Formation of a nucleotide. Carbon atoms of ribose are, by convention, numbered 1' to 5' to avoid confusion wi: 
C atoms 1 to 9 of bases 


base 


new ester linkage formed by 
condensation between 2 
nucleotides 


phosphodiester bridge between 
H | 3'and 5'C atoms of sugars 


diagrammatically 
Fig 5.43 Structure of a dinucleotide 
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The combination of a sugar with a base forms a compound 
called a nucleoside. This occurs with the elimination of 
water and therefore is a condensation reaction. A 
nucleotide is formed by further condensation between the 
nucleoside and phosphoric acid forming a phosphoester 
link. 


Differen! nucleotides are formed according to the sugars 
and base Nucleotides are not only used as building 
blocks for sveleic acids, but they and their derivatives form 
several tant coenzymes, including adenosine 
monophosphate (AMP), diphosphate (ADP) and triphos- 
phate (A cyclic AMP, coenzyme A, nicotinamide 
adenine nucleotide (NAD) and its phosphate NADP, 
and flavi ine dinucleotide (FAD) (chapter 6). 
5.6.2 *ructure of dinucleotides and poly- 

cleotides 

» nucleotides join to form a dinucleotide by 
condensa: ‘tween the phosphate group of one with the 
sugar of ! ‘her to form a phosphodiester bridge, as 
shown in ‘i; ^ 43. The process is repeated up to several 
million ti: to make a polynucleotide. An unbranched 
sugar-ph. backbone is formed by phosphodiester 
bridges b: ; the 3' and 5' carbon atoms of the sugars as 
shown in ! 4 

Phospho.! ester linkages are formed from strong cova- 
lent bond this confers strength and stability on the 
polynucle: chain. This is an important point in 
preventing kage of the ‘chain’ during DNA replication 
(chapter 
5.6.3 tructure of DNA 


ike proteins, polynucleotides can be re- 
garded as having a primary structure, which is the sequence 
of nucleotides, and a three-dimensional structure. Interest 
in the structure of DNA intensified when it was realised in 
the early part of this century that it might be the genetic 
material. Evidence for this is presented in section 22.4. 
By the early 1950s the Nobel prize-winning chemist 
Linus Pauling of the USA had worked out the a-helical 
Structure which is common to many fibrous proteins, and 
was applying himself to the problem of the structure of 
DNA, which evidence suggested was also a fibrous 
molecule. At the same time Maurice Wilkins and Rosalind 
Franklin of King's College, London were tackling the same 
problem using the technique of X-ray crystallography. This 
involved the difficult and time-consuming process of 
Preparing pure fibres of the salt of DNA from which they 
managed to get complex X-ray diffraction patterns. These 
reveal the gross structure of the molecule but are not as 
detailed as those from pure crystals of proteins (fig 5.45). 
Meanwhile, James Watson and Francis Crick of the 
Cavendish Laboratory in Cambridge had chosen what was 
to prove the successful approach. Using all the chemical 
and physical information they could gather, they began 


sugar-phosphate backbone 


SS 
5' end 
up to 5 X 10° nucleotides, 
forming a polynucleotide 
(nucleic acid) 
3'end } 
etc. 


Fig 5.44 Formation of a polynucleotide 


building scale models of polynucleotides in the hope that a 
convincing structure would emerge. Watson's book The 
Double Helix provides a fascinating insight into their work. 

Two lines of evidence proved crucial. Firstly, they were 
in regular communication with Wilkins and had access to 
the X-ray diffraction data, against which they were able to 
test their models. These data strongly suggested a helical 
structure (fig 5.45) with regularity at a spacing of 0.34 nm 
along its axis. Secondly, they realised the significance of 
some evidence published by Erwin Chargaff in 1951 
concerning the ratio of the different bases found in DNA. 
Although important, this evidence had generally been 
overlooked. Table 5.14 shows some of Chargaff's data, and 
supporting data obtained since. 


5.18 Examine the table. What does it 
reveal about the ratios of the different bases? 


Watson and Crick had been exploring the idea that there 
may be two helical chains of polynucleotides in DNA, held 
together by pairing of bases between neighbouring chains. 
The bases would be held together by hydrogen bonds. 


5.19 If this model were correct, can you 
predict from Chargaff's data which base combines 
with which in each pair? 


Fig 5.46 shows how the base pairs are joined by hydrogen 
bonds. Adenine pairs with thymine, and guanine with 
cytosine; the adenine-thymine pair has two hydrogen 
bonds and the guanine-cytosine pair has three hydrogen 
bonds. Watson tried pairing the bases in this way, and 
recalls ‘my morale skyrocketed, for I suspected that we 
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Table 5.14 Relative amounts of bases in DNA from various organisms. 


Source of DNA Adenine Guanine Thymine Cytosine 
Man 30.9 19.9 29.4 19.f 
Sheep 29.3 21.4 28.3 21 
Hen 28.8 20.5 29.2 21.5 
Turtle 29.7 22.0 27.9 21.3 
Salmon 29.7 20.8 29.1 20.: 
Sea urchin 32.8 17:7 32.1 17 
Locust 29.3 20.5 29.3 20 
Wheat 27.3 22.7 27.1 22.8 
Yeast 31.3 18.7 32.9 17.1 
Escherichia coli 

(a bacterium) 24.7 26.0 23.6 25 
X174 bacteriophage 

(a virus) 24.6 24.1 32:7. 18.5 


Amounts are in molar proportions on a percentage basis. 


strong reflect 
due to regula 
stacked bases 


"- 


due to b; see above) 


"n CERERI age — — strong reflection 


Fig 5.45 X-ray diffraction photograph of 
a fibre of DNA. This is the kind of pattern 
from which the double helical structure 
was originally deduced (photograph by 
courtesy of Dr J. M. Squire) 
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now had the answer to the riddle of why the number of 

urine residues exactly equalled the number of pyrimidine 
residues. * He noticed the neat way in which the bases fit 
and that the overall size and shape of the base pairs was 
identical, both being three rings wide (fig 5.46). Hydrogen 
bonding between other combinations of bases, while 
possible, is much weaker. The way was finally open to 
building the correct model of DNA, whose structure is 
summarised in figs 5.47-49. 


Features of the DNA molecule 


rick showed that DNA consists of two 
hains, Each chain forms a right-handed 
the two chains coil around each other to 
velix (fig 5.47). The chains run in opposite 
are antiparallel, the so-called 3’ end of 
site the 5' end of the other (remember the 
ster linkages). Each chain has a sugar- 
one with bases which project at right- 


Watson and 
polynucleotic 
helical spiral ; 
form a doubl: 
directions, the 
one being opp 
3,5! phosphou! 
phosphate back! 


angles and hydrogen bond with the bases of the opposite 
chain across the double helix (fig 5.48). The sugar- 
phosphate backbones are clearly seen in a space-filling 


model of DNA (fig 5.49). The width between the two 
backbones is constant and equal to the width of a base pair, 
that is the width of a purine plus a pyrimidine. Two purines 
would be too |: x, and two pyrimidines too small, to span 
the gap between the two chains. Along the axis of the 
molecule the b#se pairs are 0.34 nm apart, accounting for 
the regularity «dicated by X-ray diffraction. A complete 
turn of the double helix comprises 3.4 nm, or ten base 
pairs. There i! no restriction on the sequence of bases in 
one chain, bu ise of the rules of base pairing, the 
Sequence in or. chain determines that in the other. The 
two chains are thus said to be complementary. 


b Rom The Double Helix, James D. Watson, Weidenfeld & Nicolson, 


1968. 
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Fig 5.46  Adenine-thymine and guanine—cytosine base pairs 


Watson and Crick published their model in 1953 in the 
journal Nature, and together with Maurice Wilkins were 
awarded the Nobel Prize for their work in 1962, the same 
year that Kendrew and Perutz received Nobel prizes for 
their work on the three-dimensional structure of proteins, 
also based on X-ray crystallography. 

To act as genetic material, the structure had to be 
capable of carrying coded information and of accurate 
replication. Its suitability for this was not overlooked by 
Watson and Crick who, with masterly understatement near 
the end of their paper said ‘It has not escaped our notice 
that the specific pairing we have postulated immediately 
suggests a possible copying mechanism for the genetic 
material.'* In a second paper that year they discussed the 


* Watson, J. D. & Crick, F.H.C. (1953) Nature 171, 737. 
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Fig 5.47 Diagrammatic structure of DNA 
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Fig 5.48 DNA — diagrammatic structure of straightened chains 


genetic implications of the structure, and these are dealt 
with in chapter 22. This discovery, in which structure was 
shown to be so clearly related to function even at the 
molecular level, gave great impetus to the science of 
molecular biology. 


5.6.4 Structure of RNA 


RNA is normally single stranded, unlike 
DNA. Certain forms of RNA do assume complex 
structures, notably transfer RNA (tRNA) and ribosomal 
RNA (rRNA). Another form is messenger RNA 
(mRNA). These are involved in protein synthesis and are 
discussed in chapter 22. 


5.7 Other biochemically important 
molecules 


Apart from the well-defined classes of organic 
molecule already discussed, many other complex organic 
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------- hydrogen bonds 


compounds occur in living cells. Of particular note are the 
vitamins and a group of substances which assist enzymes in 
their functioning, the cofactors or coenzymes. They 
contain miscellaneous chemical Structures, some being 
nucleotides or their derivatives. Vitamins are discussed in 
section 10.3.10 and cofactors in section 6.2. 

Inorganic ions and molecules of biochemical importance 
are discussed in section 9,12 with mineral nutrition. 


5.8 


Identification of biochemicals 


It is recommended that you first familiarise 
yourself with the following tests by using pure samples of 
the chemicals being tested. Once the techniques have been 
mastered and familiarity with the colour changes obtained, 
Various tissues can be studied. 


Fig 5.49  Space-filling model of 
DNA. Arrows indicate the 
directions of the two antiparallel 
sugar-phosphate backbones 
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Experiment 5.1: Identification of biochemicals in 
pure form 


N.B. Any heating that has to be done in the following tests 
should be carried out in a water bath at the boiling point of 
water. Direct heating of test-tubes should not take place. 


dilute sulphuric acid 

sodium hydrogencarbonate 

Sudan III 

Millon's reagent 

596 potassium hydroxide solution 

196 copper sulphate solution 

DCPIP (dichlorophenolindophenol) solution 


Materials ! 
pH paper 1% starch solution (cornflour is a recommende:: source) 
test-tubes 196 glucose solution 
test-tube rack 1% sucrose solution (Analar sucrose must be used to 
Bunsen burner avoid contamination with a reducing sugar) 
teat pipettes olive oil or corn oil 
spatula absolute ethanol 
1 cm? syringe egg albumen ; 
iodine/potassium iodide solution 1% lactose solution 
Benedict's reagent 1% fructose solution 

Carbohydrates 

Reducing sugars. The reducing sugars include all monosaccharides, such as glucose and fructo. 0, and 


some disaccharides, such as maltose. Use 0.1—196 sugar solutions. 


Test Observation 


Basis of test 


Benedict's test 


Add 2 cm? of a solution of the 
reducing sugar to a test-tube. Add 
an equal volume of Benedict's 
solution. Shake and bring gently to 
the boil, shaking continuously to 
minimise spitting. 


precipitate. 


The initial blue colouration of the 
mixture turns green, then yellowish 
and may finally form a brick-red 


Benedict's solution contains c; ^er 
sulphate. Reducing sugars rec. ^e 
soluble blue copper sulphate 
containing copper(II) ions (Cu | to 
insoluble red-brown copper o» 
containing copper(I). The latte 

seen as a precipitate. 


Additional information 

The mixture is likely to bump violently during heating and 
extra care should therefore be taken. The test is 
semi-quantitative, that is a rough estimation of the 
amount of reducing sugar present will be possible. The 


final precipitate will appear green to yellow to orange to 
red-brown with increasing amounts of reducing sugar. 
(The initial yellow colour blends with the blue of the copper 
sulphate solution to give the green colouration.) 


Test Observation 


Basis of test 


Fehling's test 


Add 2 cm? of a solution of the 
reducing sugar to a test-tube. Add 
1 cm? of Fehling's solution A and 
1 cm? of Fehling's solution B. 
Shake and bring to the boil. 


formed. 


The initial blue colouration of the 
mixture turns green to yellow and 
finally a brick-red precipitate is 


As Benedict's test. 


Additional information 

Not as convenient as Benedict's test because Fehling's 
solutions A and B have to be kept separate until the test. 
Also it is not as sensitive. 
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Non-reducing sugars. The most common 
non-reducing sugar is sucrose, a disaccharide. If reducing 
sugars have been shown to be absent (negative result in 


indicates the presence of a non-reducing sugar. If reducing 
sugars have been shown to be present, a heavier 
precipitate will be observed in the following test than with 


above tes!) a brick-red precipitate in the test below 


the reducing test if non-reducing sugar is also present. 


Test Observation Basis of test 

Add 2 cm? of sucrose solution to a As Benedict's test. A disaccharide can be hydrolysed 
test-tube. ^: cm? dilute to its monosaccharide constitutents 
hydrochloric acd. Boil for one by boiling with dilute hydrochloric 
minute. Care lly neutralise with acid. Sucrose is hydrolysed to 
sodium hydrogencarbonate (check glucose and fructose, both of which 
with pH pap: care is required are reducing sugars and give the 
because ei^ vescence occurs. reducing sugar result with the 
Carry out Benedict's test. Benedict's test. 

Starch. T! only slightly soluble in water, in which it 

forms a collo ^^! suspension. It can be tested in 

suspension a solid. 

Test Observation Basis of test 

lodine/potas c iodide test 

Add 2 cm? siarch solution to a A blue-black colouration. A polyiodide complex is formed with 
test-tube. Add = few drops of L/KI starch. 

solution. Ali tively add the latter 

to the solid form of starch. 

Cellulose anc liġnin. See appendix A2.4.2 (staining). 

Lipids 

Lipids include oils (such as corn oil and olive oil), fats and waxes. 

Test Observation Basis of test 

Sudan Ill 


Sudan Ill is a red dye. Add 2 cm? 


oil to 2 cm? of water in a test-tube. 


Add a few drops of Sudan III and 
shake. 


A red-stained oil layer separates on 
the surface of the water, which 
remains uncoloured. 


Fat globules are stained red and 
are less dense than water. 


Emulsion test 


Add 2 cm? fat or oil to a test-tube 
containing 2 cm? of absolute 
ethanol. Dissolve the lipid by 
Shaking vigorously. Add an equal 
volume of cold water. 


A cloudy white suspension 


Lipids are immiscible with water. 
Adding water to a solution of the 
lipid in alcohol results in an 
emulsion of tiny lipid droplets in the 
water which reflect light and give a 
white, opalescent appearance. 


Proteins 


A suitable protein for these tests is egg albumen. 


Test 


Observation 


Basis of test 


Millon's Test 


Add 2 cm? protein solution or 
suspension to a test-tube. Add 
1 cm? Millon's reagent and boil. 


NB Millon's reagent is poisonous: 
take care! 


A white precipitate forms which 
coagulates on heating and turns 
red or salmon pink. 


Millon's reagent contains me: cury 
acidified with nitric acid, givi! 
mercury(I) nitrate and nitrite. ‘he 
amino acid tyrosine contains 
phenol group which reacts to ove a 
red mercury(Il) complex. Thi a 


reaction given by all phenolic: and 
is not specific for proteins. | in 
usually coagulates on boilin us 
appearing solid. The only co on 


protein lacking tyrosine likely 1 be 
used is gelatin. 


Biuret Test 


Add 2 cm? protein solution to a 
test-tube. Add an equal volume of 
5% potassium hydroxide solution 
and mix. Add 2 drops of 196 copper 
sulphate solution and mix. No 
heating is required. 


A mauve or purple colour develops 
slowly. 


A test for peptide bonds. In t 


presence of dilute copper sulpate 
in alkaline solution, nitrogen «ms 
in the peptide chain form a purple 

complex with copper(II) ions (u+). 
Biuret is a compound derive m 


urea which also contains the 
—CONH— group and gives : 
positive result. 


Vitamin C (ascorbic acid) 


This test can be conducted on a quantitative basis if re 
measured accurately. A suitable source of vitamin C is 
water. Vitamin C tablets may also be purchased. 


quired, in which case the volumes given below mus! 
a 50/50 mix of fresh orange or lemon juice with distilled 


Test 


Observation 


Basis of test 


Using 0.1% ascorbic acid solution 
as a standard. Add 1 cm? of DCPIP 
solution to a test-tube. Fill a 1 cm? 
syringe with 0.1% ascorbic acid: 
Add the acid to the DCPIP drop by 
drop, stirring gently with the syringe 
needle. Do not shake.* Add until 
the blue colour of the dye just 
disappears. Note the volume of 
ascorbic acid solution used. 


Blue colour of dye disappears to 


leave a colourless solution. 


DCPIP is a blue dye which is 
reduced to a colourless compound 
by ascorbic acid, a strong reducing 
agent. 


* Shaking the solution would result in oxidation of the ascorbic acid by oxygen in the air. The effects of shaking and of boiling could be investigated. 
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5.20 How could you determine the con- 
centration of ascorbic acid in an unknown sample? 


You are provided with three sugar. . 


solutions. One contains glucose, one a mixture of 

glucose and sucrose, and one sucrose. 

(a) How you identify each solution? _ 

(b) Supposing that the apparatus were available, and 
time permitted, briefly discuss any further experi- 
ments you could perform to confirm your results. 

How would you make 100 cm? of a 
1096 glu solution? 

Starting with stock solutions of 1096 
glucose >% sucrose how would you make 
100 cm nixture of final concentration 196 
sucrose b glucose? 

Experim: identification of biochemicals 
in tissues 

A biochem ien faced with the problem of wanting to 
identify che jualitative analysis) or to measure their 
amounts (n: itive analysis) in living tissue. Sometimes 
the chemic o tested for directly, but often some kind 
of extracti purification process must first be 
embarked | 

A conve: exercise is to take a range of common 

foods and naterial and to test for the range of 
biochemica ! in experiment 5.1 above. An extraction 
procedure igned where possible to give a clear, 
colourless for testing, and you should note the 
rationale behind the procedures so that you could design 
your own if sary. 

Materials 

As for experiment 5.1 up to DCPIP solution 

pestle and mortar 

microscope 

Slides and cover-slips 

razor blade 


watch glass 

Schultz's solution 

phloroglucino! + conc. hydrochloric acid 
potato tuber 

apple 

cotton wool 

woody stem 

Seeds/nuts 

Soaked peas 

beans 


Microscopic examination of thin sections of tissue 


Suitable for: Visible storage products, particularly starch 
grains, such as potato tuber. 


As above with appropriate staining or other chemical 
testing 


Suitable for: Reducing sugars — Mount in a few drops of 
Benedict's reagent, heat gently to boiling; add water if 
necessary to prevent drying. 

Starch — Mount section in dilute iodine/potassium iodide 
solution. 

Protein — Mount in a few drops of Millon's reagent, heat 
gently to boiling; add water if necessary to prevent drying. 

Oil and fat — Stain material, such as seed, with Sudan III 
and wash with water and/or 70% ethanol. Then section 
and mount. 

Cellulose, lignin, etc. — see appendix A2.4.2 for staining. 


Testing a clear, aqueous solution 


Decolourise tissue if necessary: Pigments may interfere 
with colour tests but can usually be removed with an 
organic solvent such as 80% ethanol or 80% propanone. 
Care must be taken to avoid naked flames. However, 
remember these solvents may also remove lipids and 
soluble sugars. 
Suitable for: Removing chlorophyll from leaves. 
Homogenise (grind) material: Sugars and proteins — 
Small pieces of solid material can be ground with a small 
quantity of water using a pestle and mortar or a food mixer. 
The ground material should be squeezed through several 
layers of pre-moistened fine muslin or nylon and/or filtered 
or centrifuged to remove solid material. This may be 
unnecessary if a fairly colourless, fine suspension is 
obtained. The clear solution can be tested as usual, with 
further dilution if necessary. The solid residue may also be 
tested if appropriate. 
Lipids — Grind material, transfer to a test-tube and boil. 
Lipids will escape as oil droplets. Perform the Sudan III 
test. Alternatively take thin shavings of nuts or other foods, 
including coloured foods, and do the emulsion test. 
Suitable for: 


Fruit, such as apple, orange (vitamin C, sugars) 


Nuts (oils) 

Castor oil seed (oil) 

Pea seed (protein) 

Pine kernels (protein and oil) 
Potato (starch, vitamin C) 
E (protein) 


99 
Subdivision of the above materials, such as into seeds, 
flesh, skin and juice, may be possible. 
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Chapter Six 


Enzymes 


Enzymes 
Each cell 
to prome 
between | 
organism 
achieve thi 
high temp 
changes it 
living cel! 
marked 
enzymes í 
speed up : 
their abs 
sustain lii: 
Enzym: 
synthesis) : 
total of à: 
constitute: 
of anaboli-: 
involved ir 


glutamic acid 


[Ea] of ur 


reaction 


[Ea] of cata 
reaction 


atalysed 


protein molecules produced by living cells. 


iains several hundred enzymes. They are used 


vast number of rapid chemical reactions 
perature limits suitable for the particular 


^at is approximately 5-40 °C. In order to 
same speeds of reaction outside the organism, 


ures would be necessary, as well as marked 
ier conditions. These would be lethal to a 
ich operates in such a way as to prevent any 
> in its normal working conditions. Thus 
»» defined as biological catalysts, that is they 
ions. They are vitally important because in 
reactions in the cell would be too slow to 


ctions may be either anabolic (involved in 
atabolic (involved in breakdown). The sum 


ihese reactions in a living cell or organism 
metabolism. Therefore metabolism consists 


ind catabolism, An example of an enzyme 


nabolism is glutamine synthetase: 


glutamine 

mmonia + ATP — glutamine + water + ADP + P, 
synthetase 

A transition 


state 


(ATP is adenosine triphosphate, ADP is adenosine 
diphosphate and P, is inorganic phosphate.) An example of 
an enzyme involved in catabolism is maltase: 


maltase 


starch + water maltose 


Commonly, a number of enzymes are used in sequence 
to convert one substance into one or several products via a 
series of intermediate compounds. The chain of reactions is 
referred to as a metabolic pathway. Many such pathways 
can proceed simultaneously in the cell. The reactions 
proceed in an integrated and controlled manner and this 
can be attributed to the specific nature of enzymes. A single 
enzyme generally will catalyse only a single reaction. Thus 
enzymes serve to control the chemical reactions that occur 
within cells and ensure that they proceed at an efficient 
rate. 


6.1 


Catalysis and energy of activation 
Biological catalysts (that is enzymes) possess 


the following major properties: all are globular proteins; 
they increase the rate of a reaction without themselves 


. uncatalysed reaction 


lysed 


Free 
energy 


-catalysed reaction 


overall energy change 
of reaction 


final state 


Progress of reaction 


eg. 
(reactants) 
HN 
V HO. — — — 
water 
HN’ rea 


initial state___» change —— — — — 


___» final state 
T (products) 


— ~ CO, + 2NH, + 55.2 kJ mol"! 
ammonia 


carbon 
dioxide 


Fig 6.1 Energy diagram showing a catalysed and uncatalysed chemical reaction (see also appendix 1) 
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Fig 6.2 (a) Diagrammatic representation of substrate 
complexing with an enzyme active site. (b) Position of the 
amino acids of the active site shown on the primary structure 
of the enzyme 


being used up; their presence does not alter the nature or 
properties of the end product(s) of the reaction; a very 
small amount of catalyst effects the change of a large 
amount of substrate; their activity varies with pH, 
temperature, pressure and substrate and enzyme concen- 
trations; the catalysed reaction is reversible; they are 
specific, that is an enzyme will generally catalyse only a 
single reaction. 

Consider a mixture of petrol and oxygen maintained at 
room temperature. Although a reaction between the two 
substances is thermodynamically possible, it does not occur 
unless energy is applied to it, such as a simple spark. The 
energy required to make substrates react is called activa- 
tion energy [E,]. The greater the amount of activation 
energy required, the slower will be the rate of reaction at a 
given temperature. Enzymes, by functioning as catalysts, 
serve to reduce the activation energy required for a 
chemical reaction to take place (fig 6.1). They speed up the 
overall rate without altering, to any great extent, the 
temperature at which it occurs. 

An enzyme combines with its substrate to form a 
short-lived enzyme/substrate complex (fig 6.2). Within this 
complex the chances of reactions occurring are greatly 
enhanced. Once a reaction has occurred, the complex 
breaks up into products and enzyme. The enzyme remains 
unchanged at the end of the reaction and is free to interact 
again with more substrate. 

substrate + enzymes enzyme/substrate—p enzyme/product(s) 


complex ^. 
> ^ 


d e 
= e i rans t 


6.1.1 Mechanism of enzyme action 


Detailed study has revealed that most en- 
zymes are far larger molecules than the substrates they act 
on and that only a very small portion of the enzyme, 
between 3-12 amino acids, comes into direct contact with 
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amino acids involved 
in the active site 
of the enzyme 


the substrate in the enzyme/substrate complex. This region 
is called the active site of the enzyme. It is here that binding 
of the substrate or substrates occurs (fig 6.2). The 
remaining amino acids, which comprise the bulk of the 
enzyme, function to maintain the correct globular shape of 
the molecule which, as will be explained below, is 
important if the active site is to function at the maximum 
rate (fig 6.3). 

, Enzymesare very specific and it was suggested by Fischer 
in 1890 that this was because the enzyme had a particular 
shape into which the substrate or substrates fit exactly. This 
is often referred to as the ‘lock and key’ hypothesis, where 
the substrate is the key whose shape is complementary to 
the enzyme or lock (fig 6.4). 

When an enzyme/substrate complex is formed it is 
'activated' into forming the products of the reaction. Once 
formed, the products no longer fit into the active site and 
escape into the surrounding medium, leaving the active site 
free to receive further substrate molecules. 

In 1959 Koshland suggested a modification to the *lock 
and key’ analogy. Working from evidence that suggested 
that enzymes and their active sites were physically rather 


active 
site 


P substrate NN 
(1) 


= 
substrate arrives at 
active site of enzyme 


enzyme 
‘lock’ 


“key 


(2) Y 

substrate fits into 

active site where 
rearrangement of 
molecules occurs to form 
products 


o) product 
products leave active = 


site eo 
product E 


Fig 6.4 Fischer's ‘lock and key' hypothesis (1890). 


Sequence of events when the union of a substrate with its 
enzyme occurs 


active 
site 


NH, 


Fig 6.3 Tertiary structure of ribonuclease. The amino acids 
involved at the active site are numbers 12 and 119 (histidines) 
and 7 and 41 (lysines). Ribonuclease hydrolyses ribonucleic 
acids to nucleotides (From Kartha, Bello & Harker (1967) 
Nature, 213, 864.) 


more flexible structures than hitherto described, he 
envisaged a dynamic interaction occurring between en- 
zyme and substrate. He argued that when a substrate 
combines with an enzyme, it induces changes in the enzyme 
structure. The amino acids which constitute the active site 
are moulded into a precise formation which enables the 
enzyme to perform its catalytic function most effectively 
(fig 6.5). This is called the ‘induced-fit’ hypothesis. A 
suitable analogy would be that of a hand changing the 
shape of a glove as the glove is put on. Further refinements 
to the hypothesis have been made as details of individual 
reactions became known. In some cases, for example, the 
substrate molecule changes shape slightly before binding. 


6.2 Enzyme cofactors 


Many enzymes require non-protein compo- 
nents called cofactors for their efficient activity. They were 
discovered as substances that had to be present for enzyme 
activity, even though, unlike enzymes, they were stable at 
relatively high temperatures. Cofactors may vary from 
simple inorganic ions to complex organic molecules, and 
may either remain unchanged at the end of a reaction or be 
regenerated by a later process. The enzyme/cofactor 
complex is called a holoenzyme, whilst the enzyme portion, 
without its cofactor, is called an apoenzyme. There are 
three recognised types of cofactor: inorganic ions, prosthe- 


171 


represents 
substrate 
molecule 


Ou 


— represents 
enzyme 
molecule 


when the substrate combines with the enzyme 
it induces change of shape so that the active 
groups of the enzyme are brought together 


tic groups and coenzymes. Many organic molecules, some 
related to vitamins, act as cofactors. The molecule may be 
tightly bound to the enzyme (as in prosthetic groups) or 
only loosely associated with it (as in coenzymes). In both 
cases the molecules act as carriers of groups of atoms, 
single atoms or electrons that are being transferred from 
one place to another in an overall metabolic pathway. 
6.2.1 Inorganic ions (alternatively known as 
enzyme activators) 


These are thought to mould either the enzyme 
or the substrate into a shape such that an enzyme/substrate 
complex can be formed, hence increasing the chances of a 
reaction occurring between them and therefore increasing 
the rate of reaction catalysed by that particular enzyme. 
For example, salivary amylase activity is increased in the 
presence of chloride ions. 


6.2.2 Prosthetic groups (for example FAD, 


FMN, biotin, haem) 


The organic molecule is integrated in such a 
way that it effectively assists the catalytic function of its 
enzyme, as in flavin adenine dinucleotide (FAD). This 
contains riboflavin (vitamin B,) which is the hydrogen- 
accepting part of FAD (fig 6.6). It is concerned with cell 
oxidation pathways such as part of the respiratory chain in 
respiration (chapter 11). 

AH; enzyme-FAD BH; 
hydrogen donor reduced substrate 


A enzyme-FADH , B 
oxidised substrate hydrogen acceptor 


Net effect: 2H transferred from A to B. One holoenzyme 
acts as a link between A and B. 


Haem 


Haem is an iron-containing prosthetic group. It has the 
shape of a flat ring (a ‘porphyrin ring’ as is found in 


172 


larger and smaller compounds are unsuitat ie 
for reacting with the enzyme 


Fig 6.5 Diagram to show Koshland's 'induced-fit' hypothesis. 
(From J. C. Marsden & C. F. Stoneman ( 1977) Enzymes and 
equilibria, Heinemann Educational Books) 


chlorophyll) with an iron atom at its centre. It has a number 
of biologically important functions. 
Electron carrier. Haem is the prosthetic 


group of cytochromes (see respiratory chain, chapte: 11), 
where it acts as an electron carrier. In accepting electrons 
the iron is reduced to Fe(II); in handing on electrons it is 
oxidised to Fe(III). In other words it takes part in 
oxidation/reduction reactions by reversible changes i^ the 
valency of the iron. 


Oxygen carrier. Haemoglobin and myoglo- 
bin are oxygen-carrying proteins that contain haem groups. 
Here the iron remains in the reduced, Fe(II) form (see 
section 14.13.1). 


Other enzymes. Haem is found in catalases 
and peroxidases, which catalyse the decomposition of 
hydrogen peroxide into water and oxygen. It is also found 
in a number of other enzymes. 


6.2.3 


Coenzymes (for example NAD, NADP, 
coenzyme A, ATP) 


Nicotinamide adenine dinucleotide (NAD) 
(fig 6.7) 


This is derived from the vitamin nicotinic acid and can exist 
in both a reduced and an oxidised form. In the oxidised 
state it functions in catalysis as a hydrogen acceptor 


AH, NAD BH, 
hydrogen donor reduced substrate 
e, e; 
A NADH, B 


oxidised substrate hydrogen acceptor 


where e, and e, are two different dehydrogenase enzymes. 


riboflavin 
(vitamin B,) 


FAD (prosthetic group) 


| 
| 


— 
flavin adenine 
alcohol_(p___1_(p — 
ribitol ibose 
(5C atoms, SL 
similar to 
ribose) 


Ne 


FMN (flavin mononucleotide) 


FMN + AMP 


nucleotide 


nucleotide 


Fig 6.6 Vitarn and prosthetic group interrelationship. The 
structure of FAD (flavin adenine dinucleotide) is shown 


coenzyme 
NAD (nicotinamide adenine dinucleotide) 


AMP (adenosine monophosphate) 


= FAD 
dinucleotide (prosthetic group) 


al 


nicotinamide 
(vitamin) 


ribose. 


ET 


adenine 


AMP (adenosine 
monophosphate) 


two nucleotides 


(extra phosphate 
in NADP) 


© 


sugar (pentose) 


base 


phosphate 


adenine 


ribose 


ATP (a free nucleotide) 


Fig 6.7 Vitamin and coenzyme interrelationship. The 
structures of NAD, NADP and ATP are shown 
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Net effect: 2H transferred from A to B. Here the 
coenzyme acts as a link between two different enzyme 
systems e, and e;. 


6.3 


The rate of enzyme reactions 


The rate of an enzyme reaction is measured 
by (lie amount of substrate changed or amount of product 
formed, during a period of time. 

The rate is determined by measuring the slope of the 
tangent to the curve in the initial stage of the reaction 
(shown as (a) in fig 6.8). The steeper the slope, the greater 
is the rate. If activity is measured over a period of time, the 
rate of reaction usually falls, most commonly as a result of a 
fall in substrate concentration (see next section). 


6.4 


Factors affecting the 
enzyme reactions 


rate of 


When investigating the effect of a given factor 
on the rate of an enzyme-controlled reaction, all other 
factors should be kept constant and at optimum levels 
wherever possible. Initial rates only should be measured, 
as explained above. 


6.4.1 Enzyme concentration 


Provided that the substrate concentration is 
maintained at a high level, and other conditions such as pH 
and temperature are kept constant, the rate of reaction is 
proportional to the enzyme concentration (fig 6.9). 
Invariably reactions are catalysed by enzyme concentra- 
tions which are much lower than substrate concentrations. 
Thus as the enzyme concentration is increased, so will be 
the rate of the enzymatic reaction. 


saturation of 
active sites 


V max [= = =e a aa cae aa aae ae e an a aa a e 


Rate of 
reaction 
(V) 


active sites not 
all occupied 


= — 
Substrate concentration 


Fig 6.10 Effect of substrate concentration on the rate of an 
enzyme-controlled reaction 
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Amount of 
substrate 
changed or 
product 
formed 


<ar 


Time 


Fig 6.8 The rate of an enzyme-controlled reaction 


Rate of 
enzyme- 
catalysed 
reaction 
(velocity V) 


Enzyme concentration 


Fig 6.9 Relationship between enzyme concentration and the 
rate of an enzyme-controlled reaction 


optimum 
temperature 
loss of catalytic 
activity of 
enzyme, known 
as denaturation 
increasing temperature 
Rate of increases rate of 
reaction reaction 


(V) 


20 30 40 50 
Temperature C 


Fig 6.11 The effect of temperature on the activity of an 
enzyme such as salivary amylase 


Experiment 6.1: To determine the effect of 
enzyme concentration on the hydrolysis of suc- 
rose by sucrase (invertase) 


Materials 
296 sucrose solution 


196, 0.75%, 0.596 sucrase (invertase) solutions 

Benedic! s reagent 

12 tes s and rack 

water baths at 38 °C and 100 °C 

glass r 

stopclo: 

distill er 

labels 

Bunse er 

Method 

(1) Add © cm? of clear blue Benedict's reagent to 2 cm? 
of cl ;ourless 1% sucrase solution. Heat the 
mixture in the water bath maintained at 100 °C for 
5 min (Benedict's test). 

(2) Repes (1) using 2 cm? of clear colourless 2% 
sucrose solution and then 2 cm? of distilled water. 

(3) Boil 5 cm? 1% sucrase solution. 

(4) Tak lean, dry test-tubes, label 1-8, and add 


1 em? Benedict's reagent to each. 


(b) Adc m of 2% sucrose solution to a test-tube 
labelled S and place in the water bath maintained at 
38 °C throughout the experiment. 

(6) Add 5cm? of 1% sucrase solution to a test-tube 


labelled E and place in the water bath at 38 °C. 

(7) Leave both test-tubes and contents in the water bath 
for 5min to allow them to equilibrate with their 
surroundings. 

(8) Add ihe enzyme solution to the sucrose solution, 
invert the test-tube to thoroughly mix the two 
solutions. 

(9) Immediately start the stopclock and replace the tube 
containing the reaction mixture in the water bath. 

(10) Throughout the experiment agitate the mixture 
continuously to ensure thorough mixing. 

(11) After 30 s of incubation remove 1 cm? of mixture and 
place in test-tube 1. 

(12) Repeat this procedure every 30 s placing the sam- 
ples in tubes 2-8 in turn. 

(13) Heat tubes 1-8 in the water bath at 100 °C for 5 min. 
Note the time when the first positive reducing sugar 
test is obtained indicated by a brick-red precipitate. 

(14) Repeat the experiment using the boiled enzyme from 
(3). 

(15) Repeat the entire sequence/experiment twice using 
the 0.75% and 0.5% sucrase solutions. 

(16) Record your observations and comment on your 
results. 


6.4.2 Substrate concentration 


For a given enzyme concentration, the rate of 
an enzymatic reaction increases with increasing substrate 
concentration (fig 6.10). The theoretical maximum rate 
(Vmax) is never quite obtained, but there comes a point 
when any further increase in substrate concentration 
produces no significant change in reaction rate. This is 
because at high substrate concentrations the active sites of 
the enzyme molecules at any given moment are virtually 
saturated with substrate. Thus any extra substrate has to 
wait until the enzyme/substrate complex has dissociated 
into products and free enzyme before it may itself complex 
with the enzyme. Therefore at high substrate levels, both 
enzyme concentration, and the time it takes for dissocia- 
tion of the enzyme/substrate molecule, limit the rate of the 
reaction. 


6.4.3 Temperature 


The effect of temperature on the rate of a 
reaction can be expressed as the temperature coefficient, 
Oy. 


rate of reaction at (x + 10)°C 


10 — 


rate of reaction at x °C 


Over a range of 0-40 °C, Qi for an enzyme-controlled 
reaction is 2. In other words, the rate of an enzyme- 
controlled reaction is doubled for every rise of 10 °C. Heat 
increases molecular motion, thus the reactants move more 
quickly and chances of their bumping into each other are 
increased. As a result there is a greater probability of a 
reaction being caused. The temperature that promotes 
maximum activity is referred to as the optimum tempera- 
ture. If the temperature is increased above this level, then a 
decrease in the rate of the reaction occurs despite the 
increasing frequency of collisions. This is because the 
secondary and tertiary structures of the enzyme have been 
disrupted, and the enzyme is said to be denatured (fig 6.11). 


6.1 Explain how denaturing an enzyme 
may affect its efficiency as a catalyst. 


If temperature is reduced to near or below freezing point, 
enzymes are inactivated, not denatured. They will regain 
their catalytic influence when higher temperatures are 
restored. 

Today techniques of quick-freezing food are in wide- 
spread use as a means of preserving food for extensive 
periods. This not only prevents growth and multiplication 
of micro-organisms, but also deactivates their digestive 
enzymes thus making it impossible for them to decompose 
food. The natural enzymes in the food itself are also 
inactivated. However, once frozen, it is necessary to keep 
the food at subzero temperatures until it is to be prepared 
for consumption. 
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Experiment 6.2: To investigate the distribution 
of catalase in a soaked pea, and to determine the 
effect of different temperatures on its activity 


Catalase is an enzyme which catalyses the decomposi- 
tion of hydrogen peroxide, liberating oxygen gas as shown 
by effervescence: 


2H,0, 59, 4 o + o, 


Hydrogen peroxide is a toxic by-product of metabolism in 
certain plant and animal cells, and is efficiently removed by 
catalase, which is one of the fastest acting enzymes known 
(at 0 *C one molecule of catalase can decompose 40 000 
molecules of hydrogen peroxide per second). Catalase is 
found in microbodies (see chapter 7) and peroxisomes 
(see chapters 7 and 9). 


Materials 


a supply of soaked peas 

hydrogen peroxide solution 

test-tubes and rack 

water baths at 40 °C, 60 °C, 70 °C, 80 °C and 100 °C 
clock 

thermometer 

scalpels, scissors and forceps 

test-tube holder 

glass rod 

white tile 


Method 


(1) Testforthe presence of catalase by crushing a soaked 
pea and adding a few drops of hydrogen peroxide 
solution. 

(2) Remove the seed coats from three soaked peas and 
lest separately for catalase activity in both the seed 
coats and the cotyledons. 

(3) Place two test-tubes containing distilled water in a 
water bath at 40 *C. 

(4) Boilthree whole peas in a test-tube and then place the 
boiled peas in one of the tubes in the water-bath. 

(5) Place three whole unboiled peas in the other test-tube 
in the water bath. 

(6) Allow enough time for the peas to reach the tempera- 
ture of the water bath (at least 10 min). 

(7) Test each pea for catalase activity. 

(8) Repeat the experiment at 50, 60, 70, 80 and 100 *C. 

(9) Record your observations and comment on your 
results. 


6.2 Study fig 6.12 carefully and comment 
on the shapes of the curves given for the enzymatic 
reaction at different temperatures. 
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Quantity 
of product 
formed 


0 Time/min i 60 


Fig 6.12 Time course of an enzyme reaction at vario: 
temperatures 


6.4.4 pH 


Under conditions of constant tempc 
every enzyme functions most efficiently over a nar: 
range. The optimum pH is that at which the maximum 
of reaction occurs (fig 6.13 and table 6.1). When th: 
altered above or below this value, the rate of c 
activity diminishes. Changes in pH alter the ionic chary 
the acidic and basic groups that help to maintain the spec 
shape of the enzyme (section 5.5.4). The pH change lee 
to an alteration in enzyme shape, particularly at its 
site. If extremes of pH are encountered by an enzyme 
it will be denatured. The optimum pH of an enzyme is not 
always the same as the pH of its immediate intracellular 
environment. This suggests that the enzyme's surroundings 
may be exerting some form of control over its activity. 


then 


optimum pH 


Activity 


Fig 6.13 Activity/pH curve for an enzyme 


Table 6.1 Optimum pH values for some enzymes. 


Enzyme Optimum pH 
Pepsin 2.00 

Sucrase 4.50 
Enterokinase 5 50 

Salivary amylase 6.80 

Catalase 7.60 
Chymotrypsin 7.00-8.00 
Pancreatic lipase 9.00 
Arginase 9.70 


Experiment 6.3: To investigate the effect of 
different pH values on enzyme activity 


Materials 

Benedict's reagent 

buffer solutions at pH 3,5,7,9,11 

196 starch ition 

water bath ai 38 °C 

Bunsen bu 

asbesto t 

test-tube holder, test-tubes and rack 

5 cm? graduated pipettes 

thermometer 

stopclock 

distilled v 

stock solution of salivary 

amylase (such as contained in saliva) 
Method 

(1) Rinse he mouth with 5 cm? of distilled water and 
spit thi 

(2) Swill 1 of distilled water round the mouth for 
1 min hen collect this liquid. 

(3) Make > volume of salivary amylase to 40 cm? 
with distilled water. 

(4) Testi! vary amylase, starch and buffer solutions 
for the presence of reducing sugar using Benedict's 
reage 

(b) Label ‘ost-tube pH3 and add 2 cm? of starch 
solutio 

(6) Add 2 of buffer solution pH3 to the same 
test-tu! nd mix the two solutions thoroughly. 

(7) Boil ai least 4 cm3 of enzyme solution and place 
4 cm! in a labelled test-tube. 

(8) Add 4 orm! of unboiled enzyme solution to another 
labelled test-tube and place all three test-tubes in the 


water bath and allow the solutions to reach 38 °C 

(approximately 1 min). 
(9) Place a small quantity of Benedict's reagent in each 
of 11 test-tubes and label them 1-11. 
The following three stages must be carried out very 
Quickly: 

(10) When the solutions in the water bath have equili- 
brated, add the buffered starch solution to the 
unboiled enzyme solution. 

(11) Mix the two solutions thoroughly by inverting the 
test-tube and replace the tube in the water bath. 

(12) Start the Stopclock and immediately remove a small 
quantity of reaction mixture (approximately the same 
volume as the Benedict's reagent) and place it in the 
test-tube labelled 1. 

(13) Throughout the experiment the mixture must be 
Shaken vigorously. 

(14) After one minute of incubation remove a second, 
approximately equal volume, of the mixture and 
place it in test-tube 2. 

15) Repeat the removal of similar-sized samples of 


mixture at minute intervals for a further 9 min and 
place in test-tubes 3-11. 

(16) Perform Benedict's tests on test-tubes 1—11 and note 
the time of incubation at which a positive result (a 
brick-red precipitate) is first achieved. 

(17) Repeat the experiment using the boiled enzyme 
solution from (7). 

(18) Repeat the entire experiment using each of the 
other buffer solutions. 

(19) Plot a graph of time taken for hydrolysis to occur 
against pH and comment on your results. 


6.3 (a) In fig 6.14, what is the optimum 
pH for the activity of enzyme B? 

(b) Give an example of an enzyme which could be 
represented by (i) activity curve A, (ii) activity 
curve B. 

(c) Why does the enzyme activity of C decrease at 
pH values between 8 and 9? 

(d) Why is pH control important in vivo? 

(e) 1 cm? of a catalase solution was added to 
hydrogen peroxide solution at different pH values 
and the time taken to collect 10 cm? of oxygen 
was measured. The results are given below. 


pH of solution Time (min) to 
collect gas 
4.00 20.00 
5.00 12.50 
6.00 10.00 
7.00 13.60 
8.00 17.40 


Draw a graph of these results and comment on them. 
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Rateasa 
proportion 
of 


maximum 
activity 
1% 50 


Fig 6.14 The effect of pH on the activity of three enzymes, 
A, Band C 
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6.5 


Enzyme inhibition 


A variety of small molecules exist which can 
reduce the rate of an enzyme-controlled reaction. They are 
called enzyme inhibitors. Inhibition may be reversible or 
irreversible. 


6.5.1 Reversible inhibition 


The inhibitor may be easily removed from the 
enzyme under certain conditions. 


Competitive reversible inhibition 


Here a compound, structurally similar to that of the usual 
substrate, associates with the enzyme's active site, but is 
unable to react with it. While it remains there it prevents 
access of any molecules of true substrate. As the genuine 
substrate and inhibitor compete for position in the active 
site, this form of inhibition is called competitive inhibition. 
It is able to be reversed, for if the substrate concentration is 
increased, the rate of reaction will be increased. 


6.4 Why should the rate of reaction 
increase under these conditions? 


An example of competitive inhibition is illustrated in fig 
$6.15. 

The knowledge of competitive inhibition has been 
utilised in chemotherapy. This is the use of chemicals to 
destroy infectious micro-organisms without damaging host 
tissues. During the Second World War, sulphonamides, 
chemical derivatives of sulphanilamide, were used exten- 
sively to prevent the spread of microbial infection. The 
sulphonamides are similar in structure to para- 
aminobenzoate (PAB), a substance essential to the growth 
of many pathogenic bacteria. The bacteria require PAB for 
the production of folic acid, an important enzyme cofactor. 
Sulphonamides act by interfering with the synthesis of folic 
acid from PAB. 

Animal cells are insensitive to sulphonamides even 
though they require folic acid for some reactions. This is 
because they use pre-formed folic acid and do not Possess 
the necessary metabolic pathway for making it. 


178 


(a) 


succinic 
dehydrogenase 


SE Lus acid 


EO 


NC i) $ 
C—O _ y fumaric acid released. 
| Enzyme molecule | «e for 
o7 re-use 


malonic acid blocks enzyme 
and prevents enzyme from 
reacting with its normal 
substrate 


Fig 6.15 An example of competitive inhibition. (a) The action 
of the enzyme succinic dehydrogenase on succinic acid. (b) 
Competitive inhibition of the enzyme by malonic acid 


substrate complexes 
correctly with enzyme 


ES active site 
(correct 
conformation) 


——* 


^... inhibitor site 
(a) 
inhibitor not attached 
to enzyme 


enzyme 
conformation 
changed 


(b) enzyme 


e products released 
a E 
3 o» 


conformation of active 
site changed making it c d unchanged substrate 
non-functional 


inhibitor attached to 


Fig 6.16 The principle of non-competitive inhibition. (a) Normal reaction. (b) Non-competitive inhibition 


Non-competitive reversible inhibition 


This type of inhibitor has no real structural similarity to the 
substrate and forms an enzyme/inhibitor complex at a point 
on the enzyme other than its active site (fig 6.16). It has the 
effect of altering the globular structure of the enzyme, so 
that even though the genuine substrate may be able to bind 
with the enzyme, catalysis is unable to take place. For 
example, cyanide combines with metallic ions (acting as 
prosthetic groups) of some enzymes (such as copper ions of 
cytochrome oxidase) and inhibits their activity. The rate of 
reaction will continue to decrease with increasing inhibitor 
concentration. When inhibitor saturation is reached, the 
rate of the reaction will be almost nil. 


6.5.2 Irreversible inhibition (fig 6.17) 


Very small concentrations of chemical re- 
agents such as the heavy metal ions mercury (Hg?*), silver 
(Ag*) and arsenic (As*), or iodoacetic acid, completely 
inhibit some enzymes. They combine permanently with 
Sulphydryl (—SH) groups and cause the protein of the 
enzyme molecule to precipitate. If these are components of 
the active site then the enzyme is inhibited. 


} 6.5 What would be the effect on the rate 
of reaction between an inhibitor of this kind and the 
Substrate if substrate concentration is increased? 


Diisopropylfluorophosphate (DFP), a nerve gas used in 
warfare, forms an enzyme/inhibitor complex with the 
amino acid serine at the active site of the enzyme 
acetylcholinesterase. This enzyme deactivates the chemical 
transmitter substance acetylcholine. One of the functions 
of acetylcholine is to aid the passage of a nerve impulse 
from one neurone to another across a synaptic gap (section 
16.1). When the impulse has been transmitted acetylcho- 
linesterase functions to deactivate acetylcholine almost 
immediately by hydrolysing it into choline and acetic acid. 
Once this has been completed the neurone is free to pass on 
another impulse. If acetylcholinesterase is inhibited, 
acetylcholine accumulates and nerve impulses are con- 
stantly propagated, causing prolonged muscle contraction. 
Paralysis or death is the end result, Some insecticides 
currently in use (such as parathion) have a similar effect on 


insects. 
o 
c — á 
e OH 
[e] 
—— à * [w| 
Svan 

ri gad Irreversible inhibition of an enzyme by iodoacetic 
aci 
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6.6 


Allosteric enzymes 


The activity of these enzymes is regulated by 


compounds which are not their substrates and which bind 
to the enzyme at specific sites well away from the active 
site. They modify enzyme activity by causing a reversible 
change in the structure of the 'enzyme's active site. 
Compounds of this nature are called allosteric effectors and 
they may speed up (allosteric activators) or slow down 
(allosteric inhibitors) the reaction rate of an allosteric 
enzyme by increasing or decreasing the affinity of the 


lower concentrations 
of ATP promote 


high concentrations 
of ATP inhibit 


ADP 


D 
phosphofructokinase 


enzyme for its substrate. An example of this is provided by 
the enzyme phosphofructokinase which „catalyses the 
phosphorylation of fructose-6-phosphate to fructose-1-6- 
diphosphate. This reaction occurs during the giycolysis 
section of the respiratory pathway. When ATP is àt a high 
concentration, it inhibits the enzyme phosphofruct kinase 
allosterically. However, when cell metabolism ; 


?-reases 
and more ATP is used up, the overall concentration o! ATP 
decreases and the pathway once again comes ini: opera- 


tion (figs 6.18 and 6.19). 


glucose-6- 
phosphate 


fructose-6- 
phosphate 


fructose-1, 6- 
diphosphate 


work | 


Fig 6.18 Possible mechanism of the allosteric effect of ATP on 


Biology, Arnold) 


active site (correct 
conformation for 
substrate) 


substrate 


active enzyme 


— — allosteric activator 


lcu site 


Fig 6.19 Schematic representation of allosteric enzyme activity 
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pyruvic acid 


phosphofructokinase. (After D. Harrison (1975) Patterns in 


-e 


active site 
(incorrect 
conformation 
for substrate) 


inhibitor site 


\ aa inhibitor 


End-product inhibition (negative feed- 
back inhibition) 


When the end product of a metabolic pathway 
begins to accumulate, it may act as an allosteric inhibitor on 
the enzyme controlling the first step of the pathway. The 
affinity of the enzyme for its substrate would therefore be 
lowered, and further production of the end product 
decreased or prevented. This is called end-product inhibi- 
tion and is an example of a negative feedback mechanism 
(section 18.1) serving to control an aspect of metabolic 
activity (fig 6.20). 


6.6.1 


negative feedback 
inhibition by the final 
product 


mie res rt uec primam e E 


acting as. 
an inhibitor T 


initial 
substrate 


final/end 


intermediate compounds product 


Fig 6.20  Final/end-product inhibition. e, — e, are specific 
enzymes of a metabolic pathway 


6.7 Control of metabolism 

There are over 500 enzymes present in a 
typical cell. Their activity and concentration will fluctuate 
continuously. How then, is control and integration of 
metabolism achieved? The answer lies in the specificity of 
action of enzymes, their spatial organisation and their 
functional interaction with other cellular components. Two 
distinct types of metabolic pathway exist in a cell which 
clearly demonstrate these features; these are the linear and 
branched metabolic pathways. 


6.7.1 The linear metabolic pathway 


A number of enzymes are arranged together in 
an organised fashion as a multi-enzyme complex. They are 
usually membrane-bound (fig 6.21a). The linear order of 
enzymes permits self-regulation by negative feedback 
inhibition, the rate of the pathway being controlled by the 
concentration of the end product. Such close-knit organisa- 
tion also serves to reduce to a minimum interference from 
other reactions. Each enzyme is interdependent with the 
ones adjacent to it, and molecules are passed as products 
from one enzyme, to become the substrate of the next 
enzyme in the chain until the specific end product is 
formed. 


6.7.2 The branched metabolic pathway. 


In this pathway, a number of different end 
products may be formed. Which one would depend on the 
conditions prevailing in the cell at the time (fig 6.215). 
Control of end-product formation would be influenced by 
feedback inhibition. Here again, a multi-enzyme system is 
in operation, but the enzymes are in solution and in no way 
closely associated with each other, 


Li Ll 
Li a 
Li = 
m— as 
m- a 
n s 
= = 
(a) A membrane-bound [- H 
multi-enzyme system = 
=s 
s 
a 
= 
—m- 
—m- 
-=s 
Li 
pes 1 
SUBSTRATE E 
A (Ej) -u 


E — 
membrane 


B / 
(&;) 
"e ` etc. 


(E) 


E 
(b) A dissociated multi 


D enzyme system 


Fig 6.21 Multi-enzyme systems. (a) A membrane-bound 
multi-enzyme system. (b) A dissociated multi-enzyme 
system, where B, C, D and E could be products depending 
upon the conditions in the cell 
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Table 6.2 Summary of some common industrial uses of enzymes. 
e LLL LL LLI)LLLLGLLLLZLIIÍILLGGGQARLLLGGLLLG.LLLLULLLLLIULUNLLLULLLÜGAOLEIDIEEALIEALILELLECCLEORLLULALEACGILELIELECEOKICIECFCESELITE LEOLCÓOCLETITILLLELUKLL OLLLLLGGOGGGI 


Name Industry Uses > 
Amylases 
(split starch) Brewing Liquefaction of added cereals 
Textile Removal of starch (sizes) added during processing 
Baking (bread) — Starch-»glucose. Yeast action on glucose produces carbon dioxide, Get better colour and 
gassing powers during baking — also retards staling 
Paper Used to degrade starch to lower-viscosity product needed for sizing and coating |^; ocesses i 
Proteases 
(split proteins) 
Papain Brewing To chillproof beer 
Meat To tenderise meat: the action of this fairly heat-resistant enzyme can continue while the 
meat is warming. The enzyme is of course inactivated as cooking proceeds 
Pharmaceutical Used in tooth powders to remove protein deposited on teeth 
Ficin Photographic To dissolve gelatin of scrap film allowing recovery of silver present 
Pepsin Cereal In production of instant cereals 
Pharmaceutical As digestive aid ~ supplement to normal action of pepsin in stomach 
Trypsin Food To predigest baby foods 
Rennin Cheese To precipitate the protein (casein) from milk 
Bacterial proteases Laundry Enzyme-containing washing powders 
Leather Loosening of hair without damage to hide or hair. Leather treatment (bating) 
Textile Recovery of wool from sheepskin pieces 
Food Preparation of hydrolysed proteins, e.g. for animal feedstuffs 
Glucose oxidase Food Removal of glucose or oxygen 
Catalase Food Removal of hydrogen peroxide 
Rubber To generate oxygen from peroxide to convert latex to foam rubber 
ccm Food To clarify fruit juices 


From Enzymes, their nature and role, Wiseman & Gould, Hutchinson Educational, 


Table 6.3 Enzyme classification, 


Group 


Transferase 


Hydrolase 


Lyase 


Isomerase 
Ligase 


m —T- 
Reaction catalysed Typical reaction Enzyme example with 
trivial name $. 
] 
Oxidoreductase Transfer of H and O atoms or electrons from AH + B= A + BH reduced S 
one substance to another A + O = AO oxidised eal 
Transfer of a peue group from one 4 
substance to another. The group may AB € Cz A « BC ransami 
be methyl, acyl-, amino- or phosphate p mo 
Formation of two products from a AB + H,O = AOH + BH i 
substrate by hydrolysis j ee 
Non-hydrolytic addition or I l P d 
removal 
of groups from substrates. C—C, C—N, atc a rc? 4 ert v.p m 
C—O or C—S bonds may be split N aldolase ` 
OH H 
Intramolecular rearrangement AB = BA Isoi 
merase, mutase 
Join together two by synthesis X-Ya gs 
pres nnd exec on é "ma ATP = XY + ADP + P, Synthetase 
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with simultaneous breakdown of ATP 


6.6 Consider the multi-enzyme system 
shown below: 


BC ee 
e, 


`~ P-e aaRS 


(a) If e, specific for A, and the end-product X 
inhibit what does this tell you about the 
bindir s of A and X on the enzyme? 

(b) How «5^! an excess of X regulate the metabolic 
patr 

(c) Wha name given to the type of control 


syste erating here? 


(d) Why veral enzymes needed in any meta- 
bolic vay? 
Summarise the characteristic pro- 
perties í rymes. 


6.8 Enzyme classification 


In 1961 a systematic nomenclature for en- 
zymes was recommended by a commission of the Interna- 
tional Union of Biochemistry. The enzymes were placed 
into six groups according to the general type of reaction 
which they catalyse. Each enzyme was given a systematic 
name, accurately describing the reaction it catalyses. 
However, since many of these names were very long and 
complicated, each enzyme was allocated a ‘trivial’ name for 
everyday use. This consists of (i) the name of the substrate 
acted upon by the enzyme, (ii) the type of reaction cata- 
lysed, and (iii) the suffix -ase. For example, ribulose bis- 
phosphate carboxylase; substrate: ribulose bisphosphate 
(+CO,); type of reaction: carboxylation (addition of CO)). 
The enzymes are classified as in table 6.3. 
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Chapter Seven 


Cells 


The basic ur 
is the cell. 1> 


gradually Guy 


microscopy 
known as c 
during this 
brought int: 
branch of 
techniques 
organisms 
biologists o! 
common to 
biochemist: 
summarises 
developme: 
There is 
basis. The c 


Table 7.1 So: 


f structure and function in living organisms 

oncept, known as the cell theory, evolved 

'* the nineteenth century as a result of 

» study of cells by microscopy came to be 

vogy. Later in the nineteenth century, and 

tury, much more experimentation was 

study of cells, and there is now a large 

‘ogy called cell biology in which many 

»mbined to gain an understanding of living 

: cellular level. Like biochemists, cell 

deal with fundamental processes which are 

t or all cells, so that cell biology, like 

ı unifying theme in biology. Table 7.1 

e of the historically important events in the 
ell biology. 

|! reason why life should have a cellular 

) essence, is a self-perpetuating chemical 


historically important events in cell biology. 


system. In order to maintain the concentration of chemicals 
required the system has to be physically separate from its 
environment, yet capable of exchange with its environment 
so that chemicals which are raw materials can be acquired 
and those which are waste products can be removed. In this 
way, by doing work, the system can maintain stability 
(homeostasis, chapter 18). In all cases the barrier between 
the chemical system and its environment is the plasma 
membrane; this helps to control exchange between the two 
and so forms the boundary of the cell. 

Cells always contain cytoplasm, as well as genetic 
material in the form of DNA. The DNA controls the 
activities of the cell and can replicate itself so that new cells 
are formed. The concept that new cells only come from 
pre-existing cells also dates from the nineteenth century 
(table 7.1) and is an essential part of the cell theory. 


1590 
1665 


1650-1700 


1700-1800 


1827 
1831-3* 
1838-9* 


1840* 


isen invented the compound microscope, which combines two lenses for greater magnification. 
tobert Hooke, using an improved compound microscope, examined cork and used the term ‘cell’ to describe its basic 
"its. He thought the cells were empty and the walls were the living material. I : : 
\atony van Leeuwenhoeck, using a good quality simple lens (mag. X200), observed nuclei and unicellular organisms, 
cluding bacteria. In 1676, bacteria were described for the first time as 'animalcules'. 
urther descriptions and drawings published, mainly of plant tissues, although the microscope was generally used as a 


»olland dramatically improved the quality of lenses. This was followed by a rapid spread of interest in microscopy. 


Robert Brown described the nucleus as a characteristic spherical body in plant cells. 


ichleiden (a botanist) and Schwann (a zoologist) produced the ‘cell theory’ which unified the ideas of the time by stating 
that the basic unit of structure and function in living organisms is the cell. 


Purkinje gave the name protoplasm to the contents of cells, realising that the latter were the living material, not the cell 


walls. Later the term cytoplasm was introduced (cytoplasm + nucleus = protoplasm). 


1855" 
1866 I 
1866-88 C 
1880-3 ! 
1890 

1898 

1887-1900 


laeck 
‘ell di 
"lastids, e.g. chloroplasts, discovered. 


Mitochondria discovered. 


Golgi apparatus discovered. m3 s: : 
Improvements in microscopes, fixatives, stains and sectioning. Cytologyt started to become experimental, Embryology 


Virchow showed that all cells arise from pre-existing cells by cell division. — . 
ablished that the nucleus was responsible for storing and transmitting hereditary characters. 
on studied in detail and chromosomes described. 


was studied to establish how cells interact during growth of a multicellular organism. Cytogenetics}, with its emphasis 


1900 


on the functioning of the nucleus in heredity, became a branch of cytology. . . i 
Mendel’s work, forgotten since 1865, was rediscovered giving an impetus to cytogenetics. Light microscopy had almost 


reached the theoretical limits of resolution, thus slowing down the rate of progress. 


1930s 
1946 to 
present 


Electron microscope developed, enabling much improved resolution. ; . mv 
Electron microscope became widely used in biology, revealing much more detailed structure in cells. This 'fine 


structure is called ultrastructure. 


* significant events in the origin and development of the cell concept. 


t cytology — the study of cells, especially by microscopy. : ! T 
+ cytogenetics — the linking of cytology with genetics, mainly relating structure and behaviour of chromosomes during cell division to 


results from breeding experiments. 
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centriole (resolved as two 
centrioles by the electron 


mitochondrion = microscope) 


nucleoplasm or 
nuclear sap 


cytoplasm - granular appearance — 


nucleolus 


nucleus 
chromatin - fine 
threads 


food granules e.g. glycogen —_ 


nuclear membrane 


Golgi apparatus — 


small structures are difficult 
to identify; could be 
mitochondria, secretory 
granules, lysosomes, 
vacuoles etc. 


plasma membrane 


secretory granules 


Diameter: about 20 pm 


Fig 7.1 (above) Typical animal cell such as an epithelial cell from lining of cheek as seen with a light microscope 


Fig 7.2 (below) Ultrastructure of a generalised animal cell as seen with the electron microscope. NB for simplicity, only some 
of the rough endoplasmic reticulum is shown covered with ribosomes. Similarly only some of the free ribosomes are shown 


absorption or secretion 


at base of microvilli microvillus 


exocytosis of secretory product — 
pinocytotic vesicle forming 


pinocytotic vesicle 


secretory vesicle or ‘granule’ 
smooth endoplasmic reticulum 


microtubule - often near cel! 
periphery 


lysosome 


Golgi vesicles 


Golgi apparatus... 


fien ribosomes scattered 
ET throughout cytoplasm 
microfilaments throughout cell. i du 
two centrioles at right-angles to 
each other 


mitochondrion 


-nuclear envelope (two 
membranes) 


— nuclear pore 


rough endoplasmic reticulum 


endoplasmic reticulum bound 
ribosomes 


nucleolus nucleus 


heterochromatin 
chromatin 


euchromatin 


plasma membrane 


cytoplasm 
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chloroplast* with 
grana visible 


A _________plasmodesma* 
grana ZEN 
N cell wall* — non-living, usually gives 
cell a definite polyhedral shape 
o 
nembrane or plasmalemma 


middle lamella* 
against cell wall) ( 


cell walls of neighbouring cells 


Golgi apparatus 


nuclear membrane 


chromatin - fine threads 


nucleoplasm or XQ // 
nie vn cia. S TTE 
4 tonoplast* - membrane surrounding 
A nw vacuole 
vacuole* - large and cytoplasm - granular appearance 


central, containing 
Diameter: about 40 pm cell sap 


secretory granule (Golgi vesicle) 


mitochondrion 


nucleus «< 


Fig 7.3. (above) Typical plant cell such as a leaf mesophyll cell as seen with a light microscope. "Features characteristic 
of plant calls but not animal cells 


Fig 7.4. (bolow) Ultrastructure of a generalised plant cell as seen with the electron microscope 


plasmodesma 


middle lamella 


cell wall 


— eell walls of adjacent 
cells 


— free ribosomes scattered 
nuclear envelope (two membranes). throughout cytoplasm 
w«——— rough endoplasmic 


nuclear pore reticulum 


nucleus) nucleolus endoplasmic reticulum 


bound ribosomes 


5 
"NEED E V 
chromatin ; o cS | Y e 
i euchromatin | 


chloroplasts 


— chloroplast envelope 


* " (two membranes) 
smooth endoplasmic reticulum 


| Cp granum 
plasma membrane 


|... mitochondrion 


cytoplasm __ 
a ? | n 
PR ~ often near cell STA -}— Golgi apparatus 
x d — cell sap 
X vacuole 


microfilaments throughout cell 
tonoplast 


_Golgi vesicle 


Golgi apparatus 
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à 
Fig 7.5 Electron micrograph of a thin section of a representative animal cell, a rat liver cell (hepatocyte x 9 600) 
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plasma membrane .— — 


nucleus — — 


endoplasmic — 


reticulum 


ribosomes — 


mitochondria... 


Golgi apparatus — 


lysosome — 


microbodies 


Diagram 


Structure 


Functions 


Plasma membrane 
(plasmalemma or cell membrane) 


1 


I nan 
1445555554 ] lipid bilayer 


protein 


protein 


Two layers of lipid (bilayer) 
sandwiched between two protein 
layers 


A differentially permeable 
barrier controlling exchange 
between the cell and its 
environment 


A —t NC S\___euchromatin 
(So GN. 4 
i" 


nuclear envelope 
(two membranes) 


< — nuclear pore 
eames 


in 


chromati 


Largest cell organelle, 

enclosed by an envelope of two 
membranes that is perforated 
by nuclear pores. It contains 
chromatin which is the 

extended form taken by 
chromosomes during interphase. 
It also contains a nucleolus. 


Chromosomes contain DNA, 
the molecule of inheritance. 
DNA is organised into genes 
which control all the 
activities of the cell. 

Nuclear division is the 

basis of cell replication, and 
hence reproduction. The 
nucleolus manufactures 
ribosomes, 


| Ribosomes 


"| Mitochondria (sing. mitochondrion) 


ribosomes cisterna 


A system of flattened, 
membrane-bounded sacs called 
cisternae, forming tubes and 
sheets. It is continuous with 
the outer membrane of the 
nuclear envelope. 


If ribosomes are found on its 
surface it is called rough 

ER, and transports proteins 
made by the ribosomes through 
the cisternae, Smooth ER, (no 
ribosomes) is a site of lipid 

and steroid synthesis, 


large subunit 


1 small subunit 


Very small organelles 
consisting of a large and a 
small subunit. They are made 
of roughly equal parts of 
protein and RNA. Slightly 
smaller ribosomes are found in 
mitochondria (and chloroplasts 
in plants). 


Sites of protein synthesis, 
holding in place the various 
interacting molecules involved. 
They are either bound to the 
ER or lie free in the 
cytoplasm. They may form 
polysomes (polyribosomes), 
collections of ribosomes 
strung along messenger RNA, 


Surrounded by an envelope of 
two membranes, the inner being 
folded to form cristae. 
Contains a matrix with a few 
ribosomes, a circular DNA 
molecule and phosphate 
granules. 


In aerobic respiration 

cristae are the sites of 
oxidative phosphorylation and 
electron transport, and the 
matrix is the site of Krebs 
cycle enzymes and fatty acid 
oxidation, 


A stack of flattened, 
membrane-bounded sacs, called 
cisternae, continuously being 
formed at one end of the stack 
and budded off as vesicles at 
the other, Stacks may form 
discrete dictyosomes as in 

plant cells, or an extensive 
network as in many animal 
cells. 


Processing in cisternae and 
transport in vesicles of many 
cell materials, such as enzymes 
from the ER. Often involved 
in secretion and lysosome 
formation. 


A simple spherical sac bounded 
by a single membrane and 
containing digestive 
(hydrolytic) enzymes. Contents 
appear homogeneous. 


Many functions, all concerned 
with breakdown of structures 
or molecules. See text for 

role in autophagy, autolysis, 
endocytosis and exocytos: 


hosphate E 
Puls ribosome 
ETD matrix 
aM 
envelope (two: P SISIA 
membranes) CE 
> EL 
Golgi apparatus 
Golgi 
RES a vesicles 
S Az orca 
SS, or Golgi 
DS body 
Sc 
| Lysosomes 
Microbodies 


A roughly spherical organelle 
bounded by a single membrane. 
Its contents appear finely 
granular except for occasional 
striking crystalloid or 
filamentous deposits. 


All contain catalase, an 
enzyme that breaks down 
hydrogen peroxide. All are 
associated with oxidation 
reactions. In plants, are the 
site of the glyoxylate cycle. 
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* plasma membrane 


ribosomes 
— lipid droplet 
granum 
lamella 
* mitochondria M envelope 
* microbody - — — cell wall 
(peroxisome) 
* ribosomes 
heterochromatin 
* nucleus < €uchromatin 
nuclear envelðpe, 
nuclear pore 
chloroplast 
intercellular 
space 
— vacuole 
E— — —— middle 
lamella 


Fig 7.6 Electron micrograph of a thin section of a representative plant 
"Notes provided on fig 7.5 P plant cell, a leaf mesophyll cell (x 15 000) 
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m= 


Diagram 


puMM——————I—— = 


Structure 


Functions 


^ [Cell wall, middle lamella, 
plasmodesmata (sing. plasmodesma) 


Detail of plasmodesma 


cell wall. | 


intercellular 
air space 


plasma 
membrane 


iddle 
lamella 
"Tw plasmodesma. 


ER 


@ =] 


| —A rigid cell wall surrounding 

the cell, consisting of 

cellulose microfibrils running 
through a matrix of other 
complex polysaccharides, namely 
hemicelluloses and pectic 
substances, May be secondarily 
thickened in some cells. 


Provides mechanical 

support and protection, It 

allows turgor pressure to be 
developed which aids in 

support. It prevents osmotic 
bursting of the cell. It is a 

pathway for movement of water 
and mineral salts. Various 
modifications, such as lignification, 
for specialised functions. 


| Thin layer of pectic 
substances (calcium and 
magnesium pectates). 


Cements neighbouring cells 
together. 


| —A fine cytoplasmic thread 
linking the cytoplasm of two 
neighbouring cells through a 
fine pore in the cell walls. 
The pore is lined with the 
plasma membrane and has a 
central tubular core, often 
associated at each end 

with ER. 


Enables a continuous system 

of protoplasm, the symplasm, to 
be formed between neighbouring 
cells for transport of 

substances between cells. 


Chloroplast 


photosynthetic membranes 
with chlorophyll 


lamella granum 


membranes) 
circular 
DNA 

lipid 
droplet 


Large plastid containing 
chlorophyll and carrying out 
photosynthesis. It is 
surrounded by an envelope of 
two membranes and contains a 
gel-like stroma through which 
runs a system of membranes 
that are stacked in places to 
form grana. It may store 
starch. The stroma also 
contains ribosomes, a circular 
DNA molecule and lipid 
droplets. 


It is the organelle in which 
photosynthesis takes place, 
producing sugars and other 
substances from carbon dioxide 
and water using light energy 
trapped by chlorophyll. Light 
energy is converted to 

chemical energy. 


Large central vacuole 


plant and animal cells such as 
food vacuoles, contractile 


J vacuoles 


(Smaller vacuoles may occur in 


A sac bounded by a single 
membrane called the tonoplast . 
It contains cell sap, 

a concentrated solution of 
various substances, such as 
mineral salts, sugars, pigments, 
organic acids and enzymes. 
Typically large in mature 

cells. 


Storage of various substances 
including waste products. It 
makes an important 
contribution to the osmotic 
properties of the cell. 
Sometimes it functions as a 
lysosome. 


Protoplasm is the nineteenth-century term given to the 
living contents of cells, which were observed at the time as 
little more than a fluid in which the processes of life took 
place. It is now known, particularly as a result of electron 
microscopy, that division of labour takes place in the 
protoplasm, with minute structures having particular 
functions. These definite structures are called organelles, 
that is ‘small organs’, The first to be discovered was the 
nucleus, described by Robert Brown in 1831 (table 7.1). A 
nucleus is found in all eukaryotic cells and is the largest cell 
organelle, as well as the most important because it contains 
DNA and hence controls the cell’s activities. The smallest 
organelles are ribosomes, and these are found in all cells, 
both prokaryote and eukaryote. Some organelles are found 
only in specialised cells, such as chloroplasts which are 
found in photosynthetic cells. 

In section A2.3 details of the use of a light microscope 
are given and differences between light microscopes and 
electron microscopes are described, together with some of 
the techniques used with microscopy which will be referred 
to in this chapter. In this chapter the structure of the 
eukaryote cell will be described. Chapter 2 should be 
referred to for a comparison with the prokaryotic cell. 
Eukaryotes comprise green plants, fungi, slime moulds and 
animals. 


7.1 


Typical animal and plant cells 


Figs 7.1 and 7.2 show the appearance of 
typical animal and plant cells as seen with the light 
microscope at the maximum resolution of x 1 500. Figs 7.3 
and 7.4 show the increased detail that can be seen with the 
aid of the electron microscope. 


7.1 With reference to figs 7.1—7.4, what 
additional structures are revealed by the electron 
microscope compared with the light microscope? 


7.2 With reference to figs 7.1—7.4, what 
structures are found (a) in plant cells but not in animal 
cells, and 
(b) in animal cells but not in plant cells? 


Figs 7.5 and 7.6 show actual electron micrographs of 
representative animal and plant cells, together with 
summaries of the structures and functions of the different 
parts seen. 


7.2 


Structures common to anima! and 
plant cells 


7.2.1 Cell membranes 


Cell membranes are important for a number of 
reasons. They separate the contents of cells from their 
external environments, controlling exchange between the 
two, and they enable separate compartments to be formed 
inside cells in which specialised metabolic pathways can 
take place. Chemical reactions, such as the light reactions 
of photosynthesis in chloroplasts and oxidative phosphory- 
lation of respiration in mitochondria, sometimes take place 
on the membranes themselves. They also act as receptor 
sites for recognising external stimuli such as hormones and 
other chemicals, either from the external environment or 
from other parts of the organism. An understanding of 
their properties is essential to an understanding of cell 
function. 

It has been known since the turn of the century that cell 
membranes do not behave simply like semi-permeable 
membranes that allow only the passage of water and other 
small molecules such as gases. Instead they are better 
described as differentially permeable, since other sub- 
stances such as glucose, amino acids, fatty acids, glycerol 
and ions can diffuse slowly through them, and they also 
exert a measure of active control over what substances they 
allow through. 

Early work showed that organic solvents, such as 
alcohol, ether and chloroform, penetrate membranes even 
more rapidly than water. This suggested that membranes 
have non-polar portions; in other words that they contain 
lipids. This was later confirmed by chemical analysis which 
showed that membranes are comprised almost entirely of 
proteins and lipids. The proteins are discussed later. The 
lipids are mainly phospholipids, glycolipids and sterols. 


fatty acid chains forming non-polar 
tails; they are water-repellent 


(hydrophobic) 
air & 
+ polar heads; these are water-loving 
water (hydrophilic) 


Fig 7.7 Monolayer of polar lipid molecules, such as phospholipids, at the surface of water 
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Fig 7.8 (above) Sections through (a) a spherical micelle 
and (b) a rod-shaped micelle formed by polar lipids in water 


Fig 7.9 (left) Davson-Danielli model of membrane structure 


Fig 7.10 (below) Electron micrograph showing the plasma 
membrane of a red blood cell (x 250 000). The arrows 
indicate the three-layered structure of the membrane 
(dense-light-dense). The stain used contained osmium which 
is taken up by the hydrophilic regions of proteins and lipids 


Phospholipids (containing a phosphate group) have a 
polar" head and two non-polar tails (fig 5.19). Glycolipids 
are lipids combined with carbohydrate. Like phospholipids, 
glycolipids have polar heads and non-polar tails. Sterols are 
Steroid alcohols. The most abundant sterol is cholesterol 
(fig 5.20), Unlike phospholipids and glycolipids, chole- 
Sterol is completely non-polar. 

If a thin layer of polar lipids, such as phospholipids, is 
spread over the surface of water, the molecules orientate 
themselves into a single monomolecular layer, a mono- 
layer, as shown in fig 7.7. The non-polar hydrophobic tails 
Project out of the water, whilst the polar hydrophilic heads 
lie in the surface of the water. 

If the polar lipid is present in large enough amounts to 
more than cover the surface of the water, or if it is shaken 
up with the water, particles known as micelles are formed, 
in which hydrophobic tails project inwards away from the 
water as shown in fig 7.8. 

Fig 7.8 shows a type of micelle in which two layers of lipid 
molecules occur, known as a lipid bilayer. Phospholipid 
bilayers like this have many of the properties of living cell 
* Remember that polar groups or molecules are charged and have an 


affinity for water (hydrophilic); non-polar groups or molecules do not mix 
With water (hydrophobic) (section 5.1.2). 


membranes. Davson and Danielli proposed, in 1935, that 
such a structure, coated with protein molecules on both 
surfaces, might occur in cell membranes. Their membrane 
model is summarised in fig 7.9. With the introduction of the 
electron microscope membranes could be clearly seen for 
the first time, and plasma membranes of both animal and 
plant cells showed a characteristic three-layered (trilami- 

nar) appearance. An example of this is shown in fig 7.10. 

In 1959 Robertson combined the available evidence and 
put forward the ‘unit membrane’ hypothesis which pro- 
posed that all biological membranes shared the same basic 
structure: 

(a) they are about 7.5 nm wide; 

(b) they have a characteristic trilaminar appearance when 
viewed with the electron microscope; 

(c) the three layers are a result of the same arrangement of 
proteins and polar lipids as proposed by Davson and 
Danielli (fig 7.9) and represent two protein layers 
surrounding a central lipid layer. 

The unit membrane hypothesis has since been modified 
in the light of evidence from a variety of sources, notably 
freeze fracturing, a technique described in section A2.5 
that is very important in the investigation of membrane 
structure. The technique allows membranes to be split and 
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(a) 


(b) 


Membrane lipids have 
hydrophilic heads and hydrophobic 
tails, which result in their regular 
orientation in the bilayer 


ck Mi 
ULM 


Cell membranes consist 
of a bilayer of lipid 
molecules in which 
numerous proteins are 
integrated 


SN 


Membrane proteins occur adjacent 
to the bilayer-A, embedded in one half-B, 
or completely spanning it-C 


Fig 7.11 (a) Modern fluid mosaic model of membrane 
structure. Glycoproteins and glycolipids are associated only 
with the external surfaces of membranes. (b) Three- 
dimensional model of membrane structure 


the surfaces inside to be examined. It has the advantage 
that the membranes are preserved in a life-like state by 
instant freezing, rather than being subjected to chemical 
fixation which might alter the arrangement of the compo- 
nents. Freeze fracturing reveals the presence of particles 
(mainly proteins) which penetrate into, and sometimes 
right through, the lipid bilayer. In general, the more 
metabolically active the membrane, the more protein 
particles that are found; chloroplast membranes (75% 
protein) have many particles (fig 9.13), whereas the 
metabolically inert myelin sheath (18% protein) has none. 
The inner and outer faces of membranes also differ in their 
particle distribution. 

In 1972, Singer and Nicolson put forward the ‘fluid 
mosaic’ model of membrane structure in which a mosaic of 
protein molecules floats in a fluid lipid layer, This model is 
shown in its modern form in fig 7.11. 
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In this model the lipid bilayer remains unchallenged as 
the unit membrane, but it is regarded as a dynamic 
structure in which proteins can float in the lipid like islands, 
some moving about freely while others are fixed in 
position, sometimes by microfilaments running into the 
cytoplasm. Lipids also move about. 


Proteins 


Some proteins penetrate only part of the way into the 
membrane while others penetrate all the way through. 
Usually they have hydrophobic portions which interact 
with the lipids, with hydrophilic portions facing the 
aqueous contents of the cell at the membrane surface. In all 
there are thousands of different proteins which can occur in 
cell membranes. They may be purely structural or have 
some additional function. Some, for example, act as carrier 
molecules, transporting specific substances through the 
membrane. The carrier may be part of an active pump 


mechanism (discussed later). It is believed that hydrophilic 
channels or pores sometimes occur within a protein, or 
between adjacent protein molecules. The pore spans the 
membrane, allowing the passage through the membrane of 
polar molecules that would otherwise be excluded by the 
lipid region. Such a protein-lined pore is shown in fig 7. 11a. 

Other membrane proteins may act as enzymes, specific 
receptor molecules, electron carriers and energy transduc- 
ers in photosynthesis and respiration, and so on. Also 
present in membranes are glycoproteins. These have 
branching carbohydrate portions resembling antennae on 
their free surfaces, as shown in fig 7.11. The ‘antennae’ are 
made up of a number of sugar residues and may be of many 
different, but precisely defined, patterns owing to the 
diversity o! i nkages between sugars and the existence of a- 
and fi-isomers as described in chapter 5. They are 


important «s recognition features in a number of ways. For 
example, suyar-recognition sites of two neighbouring cells 
may bind to cach other causing cell-to-cell adhesion. This 
may enable cells to orientate themselves and to form 


tissues, such as during cell differentiation. Recognition is 
also the basis of various control systems and of the immune 
response, where glycoproteins act as antigens. Certain 
molecules in solution may bear recognition sites which 
enable them to be taken up specifically by cells with 
complementary recognition sites. The addition of sugar 
residues (glycosylation) to proteins by the Golgi apparatus 
for this purpose is discussed later (section 7.2.7). Sugars 
can therefore function as informational molecules and in 
this sense are comparable with proteins and nucleic acids. 


Lipids 

Variations in lipid composition affect such properties as 
fluidity and permeability, the usual consistency of the lipids 
being similar to that of olive oil. Unsaturated lipids have 
kinks in their fatty acid tails (section 5.3.1 and fig 5.17). 
These prevent close packing of the molecules and make the 
Membrane structure more open and fluid. Fluidity also 
increases with decreasing length of fatty acid tails and the 
lipid cholesterol is important in regulating fluidity within 
certain limits. Fluidity affects membrane activity, such as 
the ease with which membranes fuse with each other, and 
the activity of membrane-bound enzymes and transport 
proteins. 

Glycolipids contribute to recognition sites in the same 
Way as glycoproteins. 


Summary of cell membranes 

A Summary of the features of biological membranes is 

given below, 

(1) Different types of membranes differ in thickness but 
most fall within the range 5-10 nm, for example 
plasma membranes are 7.5 nm wide. 

(2) Membranes are lipoprotein structures (lipid + pro- 
tein), withcarbohydrate (sugar) portionsattachedtothe 
external surfaces of some lipid and protein molecules. 
Typically, 2-10% of the membrane is carbohydrate. 


(3) The lipids spontaneously form a bilayer owing to their 
polar heads and non-polar tails. 

(4) The proteins are variable in function. 

(5) The sugars are involved in recognition mechanisms. 

(6) The two sides of a membrane may differ in composition 
and properties. 

(7) Both lipids and proteins show rapid lateral diffusion in 
the plane of the membrane unless anchored or 
restricted in some way. 


7.2.2 Transport across the plasma mem- 


brane 


In chapter 14 the problems of long-distance 
transport within the bodies of multicellular plants and 
animals are discussed. Living organisms are also faced with 
the problem of short-distance transport across cell mem- 
branes which, although only 5-10 nm wide, present 
barriers to the movement of ions and molecules, particular- 
ly polar molecules such as glucose and amino acids that are 
repelled by the non-polar lipids of membranes. Transport 
across membranes is vital for a number of reasons, for 
example to maintain a suitable pH and ionic concentration 
within the cell for enzyme activity, to obtain certain food 
supplies for energy and raw materials, to excrete toxic 
substances or secrete useful substances and to generate the 
ionic gradients essential for nervous and muscular activity. 
In the following account, movement across the plasma 
membrane will be discussed, although similar movements 
occur across the membranes of cell organelles within cells. 
There are four basic methods of entry into, or exit from, 
cells, namely diffusion, osmosis, active transport and 
endocytosis or exocytosis. The first two processes are 
passive, that is they do not require the expenditure of 
energy by the cell; the latter two are active, energy 
consuming processes. 


Diffusion 

Gases, like the respiratory gases oxygen and carbon 
dioxide, diffuse rapidly in solution through membranes, 
moving from regions of high concentration to regions of 
low concentration down diffusion gradients. Ions and small 
polar molecules such as glucose, amino acids, fatty acids 
and glycerol normally diffuse slowly through membranes. 
Uncharged and fat soluble (lipophilic) molecules pass 
through membranes much more readily, as already noted. 

A modified form of diffusion known as facilitated 
diffusion exists in which the substance is allowed through 
the membrane by a specific molecule. This molecule may 
possess a specific channel that admits only one type of 
substance. An example is the movement of glucose into red 
blood cells, which is not inhibited by respiratory inhibitors 
and is therefore not an active process. 


Osmosis 


Water diffuses through membranes, a process called 
osmosis (see section A1.5). 
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Active transport is the energy-consuming transport of 
molecules or ions across a membrane against a concentra- 
tion gradient. Energy is required because the substance 
must be moved against its natural tendency to diffuse in the 
opposite direction. Movement is usually unidirectional, 
unlike diffusion which is reversible. 

When movement of ions is considered, two factors will 
influence the direction in which they diffuse. One is 
concentration, the other is electrical charge. An ion will 
usually diffuse from a region of its high concentration to a 
region of its low concentration. It will also generally be 
attracted towards a region of opposite charge, and move 
away from a region of similar charge. Thus ions are said to 
move down electrochemical gradients, which are the 
combined effects of both electrical and concentration 
gradients. Strictly speaking then, active transport of ions is 
their movement against an electrochemical gradient. It has 
been shown that cells maintain a potential difference, that 
is a charge, across their plasma membranes and that, for 
almost all cells studied, the inside of the cell is negative with 
respect to the outside medium. Thus cations (positively 
charged ions) are usually electrically attracted into the cells 
and anions repulsed. However, their relative concentra- 
tions inside and outside of the cell also help to determine in 
which direction they actually diffuse. 

The major ions of extracellular and intracellular fluids 
are sodium (Na), potassium (K*) and chloride (CI ) ions. 
Study fig 7.12 which shows the concentrations of certain 
ions in the cytoplasm and cell sap of a plant cell, and the 
cytoplasm of an animal cell. 

The data show that both of these types of cell have ionic 
compositions very different from their external solutions. 
For example, like most cells, they have a much higher 
potassium content inside than outside. Another typical 
feature is the higher concentration of potassium inside 
relative to sodium. 

If respiration of the red blood cells is specifically 
inhibited, for example with cyanide, the ionic composition 
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two types of cell and their environments 


of the cells gradually changes until it comes into equilib- 
rium with the plasma. This suggests that the ions can diffuse 
passively through the plasma membrane of the red blood 
cells, but that normally respiration supplies the energy for 
active transport to maintain the concentrations shown in fig 
7.12. In the case of both types of cell shown in fs 7.12, 
sodium is actively pumped out of the cell and potassium is 
actively pumped in. It is possible to calculate that there is 
no net tendency for chloride ions to enter red blood cells 
from the plasma, despite the higher concentration of 
chloride ions in the plasma. This is due to the strictly 
negative charge of the cell contents relative to the outside, 
which tends to repulse chloride ions; in other words it is the 
electrochemical gradient that determines the movement of 
the ions, as already explained, and this is true of all cells. A 
careful study of the figures provided for Nitella in fig 7.12 
will show similar examples of how movement of ions is not 
solely determined by concentration. The potential dif- 
ference across the plasma membrane of red blood cells is 
=10 mV, and of Nitella is —140 mV. 

In recent years it has been shown that the plasma 
membranes of most cells possess sodium pumps that 
actively pump sodium ions out of the cell. Usually, though 
not always, the sodium pump is coupled with a potassium 
pump which actively accumulates potassium ions from the 
external medium and passes them into the cell. The 
combined pump is called the sodium-potassium pump 
(Na '-K' pump). 

Since this pump is a common feature of cells and has a 
number of important functions, it provides a good example 
of active transport. 

It has been studied in animal cells and has been shown to 
be driven by ATP. Its physiological importance is revealed 
by the observation that more than a third of the ATP 
consumed by a resting animal is used to pump sodium and 
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potassium. This is essential in controlling cell volume 
(osmoregulation), in maintaining electrical activity in 
nerve and muscle cells and in driving active transport of 


Some other substances such as sugars and amino acids. 
Also, high cell concentrations of potassium are needed for 
Protein synthesis, glycolysis, photosynthesis and other vital 
processes, 

The pump is essentially a protein which spans the 
membrane from one side to the other. On the inside it 
accepts sodium and ATP, while on the outside it accepts 
Potassium. The transfer of sodium and potassium across 
the membrane is thought to be brought about by 
conformational changes in the protein. The protein also 
acts as an ATPase, catalysing the hydrolysis of ATP with 
release of energy to drive the pump. A possible sequence of 
events is summarised in fig 7.13. Note that for every 2K” 
taken into the cell, 3Na* are removed. Thus a negative 
potential is built up inside the cell and a potential difference 
across the membrane. 

As sodium is pumped out, it generally diffuses back in 
Passively. However, the membrane is relatively imper- 
meable to sodium so that back diffusion is very slow. 
Membranes are usually about 100 times more permeable to 
Potassium ions than to sodium, so potassium diffuses in 
much more rapidly, 


binding of | (T) 


K+ triggers K 
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two possible 
conformations of the 
same protein 


inside 
of cell 


outside 
of cell 


* represents change in conformation of 
protein which moves ions across the 
membrane 


—» Sequence of events. Numbers start from uptake 
of sodium from inside the cell and end with 
release of potassium inside the cell. 


P= phosphate 


Fig 7.13 Outline of a possible scheme for the 

operation of a sodium-potassium pump in red blood cells. 
Each event in the cycle is a consequence of the previous 
event. Given a supply of sodium, potassium and ATP the 
pump will continue to run. Changes ín the conformation of the 
protein are caused by addition or removal of phosphate 
(phosphorylation or dephosphorylation respectively) 


7.4 Try to explain the following observa- 


tions. 

(a) When K* ions are removed from the medium 
surrounding red blood cells, sodium influx into the 
cells and potassium efflux (outflux) increase dramati- 


cally. J 
(b) If ATP is introduced into cells, Na' efflux is 
stimulated. 


Active transport is carried out by all cells but it assumes 
particular significance in certain physiological processes. 
The process is particularly associated with epithelial cells as 
in the gut lining and kidney tubules, because these are 
active in secretion and absorption. 
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Fig 7.14 Active transport of glucose through the plasma 
membrane of an intestinal cell or kidney cell. (Based 

on Fig 36-12, L. Stryer (1981) Biochemistry, 2nd ed., 
Freeman) 


Active transport in the intestine. When the 
products of digestion are absorbed in the small intestine 
they must pass through the epithelial cells lining the gut 
wall. Glucose, amino acids and salts then pass through the 
cells of the blood capillary walls, into the blood and thence 
to the liver. Soon after feeding, relatively high concentra- 
tions of digested foods are found in the gut and absorption 
is partly a result of diffusion. However, this is very slow and 
must be supplemented by active transport. Such active 
transport is coupled to a sodium-potassium pump as shown 
in fig 7.14. 

As sodium is pumped out by the sodium-potassium 
pump, so it tends to diffuse back in. Situated in the 
membrane is a protein which requires both sodium and 
glucose to function. These are transported together 
passively into the cell. Sodium thus ‘pulls’ the glucose into 
the cell. A similar sodium-amino-acid carrier protein 
operates in the active transport of amino acids into cells, 
the active part of the process being the pumping back of 
sodium ions. In the absence of a sodium gradient the 
carriers may still act, providing that the external concentra- 
tion of glucose or amino acids is greater than the internal 
concentration, that is facilitated diffusion can occur. 


Active transport in nerve cells and muscle 
cells. In nerve cells and muscle cells a sodium-potassium 
pump is responsible for the development of a potential 
difference, called the resting potential, across the plasma 
membrane (see conduction of nervous impulses, section 
16.1, and muscle contraction, section 17.4). A pump 
similar to the Na*-K* pump occurs in the membranes of 
the sarcoplasmic reticulum in muscle cells, where calcium is 
actively pumped into the sarcoplasmic reticulum at the 
expense of ATP (chapter 17). 
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Active transport in the kidney. Active trans- 
port of glucose and sodium occurs from the proximal 
convoluted tubules of the kidney (fig 19.27) and the kidney 
cortex actively transports sodium. These processe 
described more fully in chapter 19. 


Endocytosis and exocytosis 
Endocytosis and exocytosis are active processes involving 


the bulk transport of materials through membranes, either 

into cells (endocytosis) or out of cells (exocytosis } 
Endocytosis occurs by an infolding or extension of the 

plasma membrane to form a vesicle* or vacuole.” it is of 


two types. 

(1) Phagocytosis (‘cell eating’) — material taken up is in 
solid form. Cells specialising in the process are called 
phagocytes and are said to be phagocytic; for exam; ^ some 
white blood cells. The sac formed during uptake is called a 
phagocytic vacuole. (See section 7.2.8.) 


(2) Pinocytosis (‘cell drinking’) — material taken up is in 
liquid form (a solution, colloid or fine suspension). Vesicles 
formed are often extremely small, in which case th. process 
is known as micropinocytosis and the vesicles # micro- 


pinocytotic. 


Pinocytosis is particularly associated with amoeboid 
protozoans and many other, often amoeboid, cells. such as 
leucocytes, embryo cells, liver cells, and certain kidney 


cells involved in fluid exchange. It can also occur n plant 
cells. 

Exocytosis is the reverse process of endocytosis by which 
materials are removed from cells, such as solid, undigested 
remains from food vacuoles or reverse pinocytosis in 
secretion (see section 7.2.7). 


7.2.3 The nucleus 


Nuclei are found in all eukaryotic cells, the 
only common exceptions being mature phloem sieve tube 
elements and mature red blood cells of mammals. |n some 
protozoa, such as Paramecium, two nuclei exist, a 
micronucleus and a meganucleus. Normally, however, 
cells contain only one nucleus. Nuclei are conspicuous 
because they are the largest of cell organelles, and they 
were the first to be described by light microscopists. They 
are typically spherical to ovoid in shape and about 10 jum in 
diameter by 20 um in length. 

The nucleus is vitally important because it controls the 
cell's activities. This is because it contains the genetic 
(hereditary) information in the form of DNA. Not only. 
this, but the DNA is capable of replication and this can be 
followed by nuclear division thus ensuring that the 
daughter nuclei also contain DNA. Nuclear division 
precedes cell division, and all daughter cells possess nuclei. 
The nucleus is surrounded by a nuclear envelope and 
contains chromatin, one or more nucleoli and nucleo- 
plasm. 


The single membrane (nuclear membrane) surrounding 


* Vacuole — fluid-filled, membrane-bound sac. Vesicle — small vacuole. 
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Fig 7.15 Electron micrograph of freeze-etched nucleus showing nuclear pores (x 30 000) 


the nucleus, as shown by the light microscope, is actually a 
nuclear envelope composed of two membranes. The outer 
membrane is continuous with the endoplasmic reticulum 
(ER) as shown in figs 7.3 and 7.4, and like the ER may be 
covered with ribosomes engaged in protein synthesis. The 
nuclear envelope is perforated by nuclear pores (fig 7.5) 
and these are particularly well revealed by freeze etching as 
shown in fig 7.15. Nuclear pores allow exchange of 
substances between the nucleus and the cytoplasm, for 
example the exit of messenger RNA (mRNA) and of 
ribosomal subunits and the entry of ribosomal proteins, 
nucleotides and molecules that regulate the activity of 
DNA. The pore has a definite structure formed by fusion of 
the outer and inner membranes of the envelope. This 
controls the passage of molecules through the pore. 

Within the nucleus is a gel-like matrix called nucleoplasm 
(or nuclear sap) which contains chromatin and one or more 
nucleoli. Nucleoplasm contains a variety of chemical 
substances such as ions, proteins (including enzymes) and 
nucleotides, either in true or colloidal solution. 

Chromatin is composed mainly of coils of DNA bound to 
basic proteins called histones. The organisation of histones 
and DNA into bead-like structures called nucleosomes, 
and the packing of the nucleosomes in the chromatin, are 
described in section 22.4. 

The term chromatin means ‘coloured material’ and 
refers to the fact that this material is easily stained for 
viewing with the microscope. During nuclear division 
chromatin stains more intensely and hence becomes more 
conspicuous because it condenses into more tightly coiled 
threads called chromosomes. During interphase (the 
period between nuclear divisions) it becomes more 
dispersed. However, some remains tightly coiled and 
continues to stain intensely. This is called heterochromatin 
and is seen as characteristic dark patches usually occurring 
near the nuclear envelope (figs 7.3-6). The remaining, 
loosely coiled chromatin is located towards the centre of 
the nucleus and is called euchromatin. These individual 
fibres are too dispersed to be visible under the light 
microscope and they are thought to contain the DNA 
which is genetically active during interphase. Thus cells in 
which a wide variety of genes are being expressed, as in 
liver cells, will show more euchromatin and less hetero- 
chromatin than cells in which few genes are being 
expressed, such as mucus-producing cells. 

The nucleolus is a conspicuous rounded structure within 
the nucleus, whose function is the manufacture of 
ribosomal RNA (fig 7.5). One or more nucleoli may be 
present. It stains intensely because of the large amounts of 
DNA and RNA it contains. It has a dense fibrillar region in 
which portions of several different chromosomes meet. 
These portions of DNA are called nucleolar organisers and 
contain many copies of the genes that code for ribosomal 
RNA. The nucleoli disperse and are no longer visible 
during prophase (the early stage of cell division) and the 

organisers reorganise the nucleoli during telophase (at the 
end of nuclear division). 
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Around the central region of the nucleolus is a less 
dense, peripheral region containing granules where ribo- 
somal RNA is beginning to be folded and assembled into 
ribosomes. This assembly is completed in the cytoplasm, 
Between the granules loosely arranged fibrils of chromatin 
are found. 


7.2.4 Cytoplasm 


In the introduction to this chapter it was 
pointed out that the living contents of eukaryote cells are 
divided into nucleus and cytoplasm, the two together 
forming the protoplasm. Cytoplasm consists of an aqueous 
ground substance containing a variety of cell organelles and 
other inclusions such as insoluble waste or storage 
products. 


The cytosol or ground substance 


The cytosol is the soluble part of the cytoplasm. It forms the 
ground substance or ‘background material’ of the cyto- 
plasm and is located between the cell organelles. It contains 
a system of microfilaments (see section 7.2.10) but 
otherwise appears transparent and structureless in the 
electron microscope. It is about 90% water and forms a 
solution which contains all the fundamental biochemicals 
of life. Some of these are ions and small molecules forming 
true solutions, such as salts, sugars, amino acids, fatty 
acids, nucleotides, vitamins and dissolved gases. Others 
are large molecules which form colloidal solutions (section 
A1.4), notably proteins and to a lesser extent RNA, A 
colloidal solution may be a sol (non-viscous) or a gel 
(viscous); often the outer regions of cytoplasm are more 
gel-like, as with the ectoplasm of Amoeba (section 17.6). 

Apart from acting as a store of vital chemicals, the 
ground substance is the site of certain metabolic pathways, 
an important example being glycolysis. Synthesis of fatty 
acids, nucleotides and some amino acids also takes place. 

The most common view of cytoplasm is the static one of 
cells that have been killed and prepared for microscopy. 
However, when living cytoplasm is examined, great 
activity is usually seen as cell organelles move about and 
occasional ‘cytoplasmic streaming’ occurs. This is an active 
mass movement of cytoplasm which may be particularly 


prominent in certain cells such as young sieve tube 
elements. 


7.2.5 Endoplasmic reticulum (ER) 


One of the most important discoveries to be 
made when the electron microscope was introduced was 
the occurrence of a complex system of membranes running 
through the cytoplasm of all eukaryotic cells. This network, 
or reticulum, of membranes was named the endoplasmic 
reticulum and although it is often extensive, it is below the 
limits of resolution of the light microscope. The mem- 
branes were seen to be covered with small particles which 
later became known as ribosomes. At about the same time 
a cell fraction was isolated by differential centrifugation 
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Fig 7.17. niry of newly synthesised protein into the endoplasmic reticulum 
which was shown to be capable of protein synthesis. 
Examination of this fraction in the electron microscope 


revealed many small membrane-bound sacs (vesicles), 
each covered externally with ribosomes. These sacs were 
called microsomes. The microsomal fraction is now known 
to be formed during the homogenisation procedure. When 
the ER is broken up into small pieces it reseals into 
vesicles. Thus microsomes do not exist as such in intact 
cells. 

Typically, the ER appears in thin sections as pairs of 
parallel lines (membranes) running through the cytoplasm, 
as shown in figs 7.3-6. Occasionally though, a section will 
glance through the surface of these membranes and show 
that, in three dimensions, the ER is usually sheet-like 
rather than tubular. A possible three-dimensional struc- 
ture is shown in fig 7.16. The ER consists of flattened, 
membrane-bound sacs called cisternae. These may be 
Covered with ribosomes, forming rough ER, or ribosomes 
may be absent, forming smooth ER, which is usually more 
tubular. Both types are concerned with the synthesis and 
transport of substances. 


which are made by ribosomes on its surface. Details of 
protein synthesis are given in chapter 22. For the present it 
is sufficient to know that the growing protein, which 
consists of a chain of amino acids called a polypeptide 
chain, is bound to the ribosome until its synthesis is 
complete. At the beginning of protein synthesis, the first 
part of the growing chain may consist of a ‘signal sequence’ 
which fits a specific receptor in the ER membrane, thus 
binding the ribosome to the ER. The receptor forms a 
channel through which the protein can pass into the ER 
cisternae (fig 7.17). Once inside, the signal sequence is 
removed and the protein folds up into its tertiary structure, 
thus trapping it inside the ER. 


7.5 A high proportion of amino acid 
residues in signal sequences are non-polar. Suggest 
a reason for this. 


201 


20 nm 


70S ribosome 


The protein is now transported through the cisternae, 
usually being extensively modified en route. For example, 
it may be phosphorylated or converted into a glycoprotein. 
A common route for the protein is via smooth ER to the 
Golgi apparatus from whence it can be secreted from the 
cell or passed on to other organelles in the same cell, such 
as storage bodies or lysosomes. 

If a protein is made which does not Possess a signal 
sequence, the ribosome making it remains free in the 
cytoplasm and the protein is released into the cytosol for 
use in the cell. 

One of the chief functions of smooth ER is lipid 
synthesis. For example, in the epithelium of the intestine 
the smooth ER makes lipids from fatty acids and glycerol 
absorbed from the gut and passes them on to the Golgi 
apparatus for export. Steroids are a type of lipid and 
smooth ER is extensive in cells which secrete steroid 
hormones, such as the adrenal cortex and the interstitial 
cells of the testis. In the liver both rough and smooth ER 
are involved in detoxication. In muscle cells a specialised 
form of smooth ER, called sarcoplasmic reticulum, is 
present (section 17.4), 


7.2.6 Ribosomes 


Ribosomes are minute organelles, about 
20 nm in diameter, found in large numbers throughout the 
cytoplasm of living cells, both prokaryotic and eukaryotic. 
A typical bacterial cell contains about 10 000 ribosomes, 
while eukaryotic cells possess many times more than this 
number. They are the sites of protein synthesis. 

Each ribosome consists of two subunits, one large and 
one small as shown in fig 7.18. Being so small they are the 
last organelles to be sedimented ina centrifuge, requiring a 
force of 100 000x gravity for 1-2 h. Sedimentation has 
revealed two basic types of ribosome, called 70S* and 80S 
ribosomes. The 70S ribosomes are found in prokaryotes 


* S-Svedberg unit. This is related to the rate of sedimentation in a 


centrifuge, the greater the S number, the greater the rate of sedimenta- 
tion. 
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Fig 7.18 Structure of a 70S ribosome. (The subunits of 
80S ribosomes possess more proteins and the large subunit 
possesses three rRNA molecules) 


and the slightly larger 80S ribosomes occur in the cyt »plasm 
of eukaryotes, It is interesting to note that chloroplasts and 
mitochondria contain 70S ribosomes, suggesting that these 
eukaryotic organelles are related in some way to prokary- 
otes (section 9.3.1). 

Ribosomes are made of roughly equal amounts ^y mass 
of RNA and protein (hence they are ribonucleoprotein 
particles). The RNA is termed ribosomal RNA (rRNA) and 
is made in nucleoli. The distribution of rRNA molecules 
and protein molecules is given in fig 7.18. Together these 
molecules form a complex three-dimensional siructure 
which is capable of spontaneous self-assembly. 

During protein synthesis at ribosomes, amino acids are 
joined together one by one to form polypeptide chains. The 
process is described in detail in chapter 22. The ribosome 
acts as a binding site where the molecules involved can be 
precisely positioned relative to each other. These mole- 
cules include messenger RNA (mRNA), which carries the 
genetic instructions from the nucleus, transfer RNA 
(tRNA), which brings the required amino acids to the 
ribosome, and the growing polypeptide chain. In addition 
there are chain initiation, elongation and termination 
factors to be accommodated. The process is so complex 
that it could not occur efficiently, if at all, without the 
ribosome. 

Two populations of ribosomes can be seen in eukaryotic 
cells, namely free and ER-bound ribosomes (figs 7.3, 7.5 
and 7.16). All of the ribosomes have an identical structure 
but some are bound to the ER by the proteins that they are 
making, as explained in the Previous section. Such proteins 
are usually secreted. An example of a protein made by free 
ribosomes is haemoglobin in young red blood cells. 

During protein synthesis, the ribosome moves along the 
thread-like mRNA molecule. Rather than one ribosome at 
a time passing along the RNA, the process is carried out 


more efficiently by a number of ribosomes moving 
simultaneously along the mRNA, like beads on a string. 
The resulting chains of ribosomes are called polyribosomes 
or polysomes. They form characteristic whorled patterns on 
the ER as shown in fig 7.16 and they can be isolated intact 
by centrifugation 


7.2.7 Golgi apparatus 


‘he Golgi apparatus was discovered by 
Camillo Golgi in 1898, using special staining techniques. 


However structure was only revealed by electron 
microscopy. it is found in virtually all eukaryotic cells and 
consists ol tack of flattened, membrane-bound sacs 
called cisternae, together with a system of associated 
vesicles cii) Golgi vesicles. In plant cells a number of 
separate siacis called dictyosomes are found (fig 7.6). In 
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animal cells a single larger stack is thought to be more 
usual. It is difficult to build up a three-dimensional picture 
of the Golgi apparatus from thin sections but it is believed 
from such evidence as negative staining that a complex 
system of interconnected tubules is formed around the 
central stack, as shown in fig 7.19. 

At one end of the stack new cisternae are constantly 
being formed by fusion of vesicles which are probably 
derived from buds of the smooth ER. This ‘outer’ or 
‘forming’ face is convex, whilst the other end is the concave 
‘inner’ or ‘maturing’ face where the cisternae break up into 
vesicles once more. The whole stack consists of a number of 
cisternae thought to be moving from the outer to the inner 
face. 

The function of the Golgi apparatus is to transport and 
chemically modify the materials contained within it, It is 


Fig 7.19 (a) The three-dimensional 
structure of the Golgi apparatus. (b) 
Transmission electron micrograph 
showing two Golgi apparatuses. The 
left-hand one shows a dictyosome in 
vertical section. The right-hand one 
shows the topmost cisternum viewed 
from above (x 50 000) 
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Fig 7.20 (left) (a) Electron 
micrograph of an acinus, a group of 
pancreatic acinar cells (x 10 400) N, 
nucleus; M, mitochondrion; G, Golgi 
apparatus; S, secretory granules; 
RER, rough endoplasmic reticulum, 
(below) (b) Diagrammatic 
representation of the synthesis and 
secretion of a protein (an enzvme) in 
a pancreatic acinar cell 
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particularly important and prominent in secretory cells, a 
good example being provided by the acinar cells of the 
pancreas. These cells secrete the digestive enzymes of the 
pancreatic juice into the pancreatic duct, along which they 
pass to the duodenum. Fig 7.20a is an electron micrograph 
of such a cell, and fig 7.20b a diagrammatic representation 
of the secretion pathway. 

Details of the pathway have been confirmed by using 
radioactively labelled amino acids and following their 
incorporation into protein and subsequent passage through 
different cell organelles. This can be done by homogenising 
samples of tissue at different times after supplying the 
amino acids, separating the cell organelles by centrifuga- 
tion and finding which organelles contain the highest 
proportion of the amino acids. After concentration in the 
Golgi apparatus, the protein is carried in Golgi vesicles to 
the plasma membrane. The final stage in the pathway is 
secretion of the inactive enzyme by reverse pinocytosis. 
The digestive enzymes secreted by the pancreas are 
synthesised in an inactive form so that they do not attack 
and destroy the cells that make them. An inactive enzyme 
is called a proenzyme or zymogen. An example is 
trypsinogen which is converted to active trypsin in the 
duodenum. 

In general, proteins received by the Golgi apparatus 
from the ER have had short carbohydrate chains added to 
become glycoproteins (like the membrane proteins shown 
in fig 7.11). These carbohydrate ‘antennae’ can be 
remodelled in the Golgi apparatus, possibly to become 
markers that direct the proteins to their correct destina- 
tions. However, the exact details of how the Golgi 
apparatus sorts and directs molecules are unknown. The 
process of combining carbohydrates with proteins to form 
glycoproteins is called glycosylation and occurs during the 
production of many proteins. 

The Golgi apparatus is also sometimes involved in the 
secretion of carbohydrates, an example being provided by 
the synthesis of new cell walls by plants. Fig 7.21 shows the 
intense activity which goes on at the ‘cell plate’, the region 
between two newly formed daughter nuclei where the new 
cell wall is laid down after nuclear division (mitosis or 
meiosis). 

Golgi vesicles are steered into position at the cell plate by 
microtubules (described later) and fuse. Their membranes 
become the new plasma membranes of the daughter cells, 
while their contents contribute to the middle lamella and 
new cell walls. Radioactively labelled glucose fed to 
dividing plant cells has been shown by autoradiography to 
appear in the Golgi apparatus and subsequently to be 
incorporated into cell wall polysaccharides within Golgi 
vesicles. These are polysaccharides of the cell wall matrix 
rather than cellulose, whose synthesis does not occur in 
Golgi vesicles. 

Secretion by the pancreatic acinar cell and the formation 
of new plant cell walls are examples of the way in which 
many cell organelles can combine to perform one function. 
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An important glycoprotein secreted by the Golgi 
apparatus is mucin, which forms mucus in solution. It is 
secreted by goblet cells of the respiratory and intestinal 
epithelia. The root cap cells of plants contain Golgi 
apparatus which secretes a mucous polysaccharide, helping 
to lubricate the tip of the root as it penetrates the soil. The 
Golgi apparatus in leaf glands of the insectivorous plants 
Drosera (sundews) and Pinguicula (butterworts) secretes a 
sticky slime and enzymes which trap and digest insects, The 
slime, wax, gum and mucilage secretions of many cells are 
released by Golgi apparatus. 

The Golgi apparatus is also sometimes involved in lipid 
transport. When digested, lipids are absorbed as fatty acids 
and glycerol in the small intestine. They are resynthesised 
to lipids in the smooth ER, coated in protein and then 
transported through the Golgi apparatus to the plasma 
membrane where they leave the cell, mainly to citer the 
lymphatic system. 

A second important function of the Golgi apparatus, in 
addition to the secretion of proteins, glycoproteins, 
carbohydrates and lipids, is the formation of lysosomes, 
described below. 


7.2.8 Lysosomes 

Lysosomes (lysis, splitting; soma, body) are 
found in most eukaryotic cells, but are particularly 
abundant in animal cells exhibiting phagocytic activity. 


They are bounded by a single membrane and ar simply 
sacs that contain hydrolytic (digestive) enzymes, such as 
proteases, nucleases, lipases and acid phosphatases. The 
contents of the lysosome are acidic and the enzymes havea 
low optimum pH. The enzymes have to be kept apart from 
the rest of the cell or they would destroy it. In animal cells, 
lysosomes are usually spherical and 0.2-0.5 um in dia- 
meter. They have a characteristically homogeneous 
appearance in electron micrographs (fig 7.22). 

In plant cells the large central vacuoles may act as 
lysosomes, although bodies similar to the lysosomes of 
animal cells are sometimes seen in the cytoplasm, particu- 
larly in dying cells. Most of the work on lysosomes has been 
done with animal cells. 

The enzymes contained within lysosomes are synthesised 
on rough ER and transported to the Golgi apparatus. Golgi 
vesicles containing the processed enzymes later bud off and 
are called primary lysosomes, These have a number of 
functions, mostly involving digestive processes within the 
cell, but sometimes involving secretion of digestive 


enzymes. Their functions are summarised below and in 
fig 7.23. 


Digestion of material 
endocytosis 
The Process of endocytosis is explained in section 7.2.2. 
Primary lysosomes may fuse with the vesicles or vacuoles 
formed by endocytosis to form secondary lysosomes in 
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Fig 7.22 Electron micrograph of a secondary lysosome (x 90 750) 
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Fig 7.23 (above) Three possible uses of a primary lysosome. The numbers 1, 2 and 3 refer to the order in which these 
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which the material taken in by endocytosis is digested. This 
material might be taken in for food, as in some protozoans 
such as Amoeba, or for defensive purposes, as is the case 
when phagocytic white blood cells and macrophages ingest 
bacteria. The secondary lysosome may also be called a food 
vacuole. The products of digestion are absorbed and 
assimilated by the cytoplasm of the cell leaving undigested 
remains. The secondary lysosome is now termed a residual 
body. These usually migrate to the plasma membrane and 
egest their contents (exocytosis). In certain cells, such as 
heart muscle and liver cells (hepatocytes), the residual 
bodies are stored. 

An interesting example of the role of lysosomes occurs in 
the thyroid gland, where cells are stimulated by thyroid- 
stimulating hormone (TSH) to take up thyroglobulin by 
pinocytosis. The pinocytic vesicles so formed fuse with 
primary lysosomes and the thyroglobulin is partially 
hydrolysed to produce the active hormone thyroxine 
before the lysosome fuses with the plasma membrane, thus 
secreting the hormone into the blood. 


Autophagy 

Autophagy is the process by which unwanted structures 
within the cell are removed. They are first enclosed by a 
single membrane, usually derived from smooth ER, and 
this structure then fuses with a primary lysosome to form a 
secondary lysosome, the autophagic vacuole, in which the 
unwanted material is digested. This is part of the normal 
turnover of cytoplasmic organelles, old ones being re- 
placed by new ones. It becomes more frequent in cells 
undergoing reorganisation during differentiation. 


Helease of enzymes outside the cell 

(exocytosis) 
Sometimes the enzymes of primary lysosomes are released 
from the cell. This occurs during the replacement of 
cartilage by bone during development. Similarly the matrix 
of bone may be broken down during the remodelling of 
bone that can occur in response to injury, new stresses and 
so on. In this case the enzymes are secreted from the 
lysosomes of cells known as osteoclasts. 


Autolysis 


Autolysis is the self-destruction of a cell by release of the 
contents of lysosomes within the cell. In such circumstances 
lysosomes have sometimes been aptly named 'suicide 
bags’. Autolysis is a normal event in some differentiation 
processes and may occur throughout a tissue, as when a 
tadpole tail is resorbed during metamorphosis. It also 
occurs after cells die. Sometimes it occurs as a result of 
certain lysosomal diseases or after cell damage. 


7.2.9 Peroxisomes or microbodies 


Peroxisomes or microbodies are common 
organelles of eukaryotic cells (fig 7.5). They are spherical, 
0.3-1.5 um in diameter (slightly smaller on average than 
mitochondria) and bounded by a single membrane. Their 
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contents are finely granular, sometimes with a distinctive 
crystalline core which is a crystallised protein (enzyme) and 
they are derived from the ER, with which they often 
remain in close association. 

Their most distinctive feature is the presence of the 
enzyme catalase, which catalyses the decomposition of 
hydrogen peroxide to water and oxygen (hence the name 
peroxisome). Hydrogen peroxide is a by-product of certain 
cell oxidations and is also very toxic, so must be eliminated 
immediately. Catalase is the fastest-acting enzyme known 


and its activity can be demonstrated by dropping : piece of 
fresh, preferably ground, liver into hydrogen peroxide, 
when rapid evolution of oxygen is observed. The cells of 
liver contain large numbers of peroxisomes (fig 15); 


Animal peroxisomes participate in a number of metabolic 


processes involving oxidation, but more details are known 
about plant peroxisomes. They can be divided into three 
types. Glyoxysomes, so called because they metabolise a 
compound called glyoxylate, are concerned with conver- 
sion of lipids to sucrose in lipid-rich seeds, such as in the 
endosperm of castor oil seeds (see question 2!.7 and 


glyoxylate cycle, section 11.5). Leaf peroxisomes are 
important in the process of photorespiration in which they 
are intimately associated with chloroplasts and mitochon- 
dria, the three organelles often being found in close 
proximity as shown in fig 9.28. Hydrogen peroxide is 
produced during the photorespiratory pathway as shown in 
fig 9.28. A third group of non-specialised peroxisomes is 
found in other tissues. 


7.2.10 Microtubules, microfilaments and in- 
termediate filaments 
With the advent of electron microscopy it 
quickly became obvious that the cytoplasm of cells had a 
great deal more organisation than had previously been 
realised, and that extensive division of labour occurred 


between membrane-bound cell organelles and small 
organelles like ribosomes and centrioles. More recently 
structure has been revealed at an even finer level in the 
apparently structureless ‘background’ or ground substance 
of the cytoplasm. Complex networks of fibrous structures 
have been shown to exist and these are of at least three 
types: microtubules, microfilaments and intermediate 
filaments. They are concerned with movement, either by or 
within cells, and with the ability of cells to maintain their 
shapes. 


Microtubules 


Nearly all eukaryotic cells contain unbranched, hollow 
cylindrical organelles called microtubules. They are very 
fine tubes, having an external diameter of about 24 nm and 
with walls about 5 nm thick made up of helically arranged 
globular subunits of a protein called tubulin, as shown in fig 
7.24. Their typical appearance in electron micrographs is 
shown in fig 7.21. They may extend for several micrometres 
in length. At intervals, cross-bridges (arms) sometimes 
project from their walls and these are probably involved in 
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Fig 7.24 (above) Probable arrangement of tubulin subunits 
in a microtubule 


linking with adjacent microtubules, as occurs in cilia and 


flagella. Growth of microtubules occurs at one end by 
addition of tubulin subunits. It is inhibited by a number of 
chemicals, such as colchicine, which have been used to 
investigate functions of microtubules. Growth 
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serve this function and are therefore sometimes known as 
microtubule-organising centres, or MTOCs. Centrioles 
contain short microtubules as shown in fig 22.3. 
Microtubules are involved in a number of cell processes, 
some of which are listed below. 
Centrioles, basal bodies, cilia and 


flagella. Centrioles are small hollow cylinders (about 
0.3-0.5 um long and about 0.2 um in diameter) that occur 
in pairs in st animal and lower plant cells in a distinctly 


staining region of the cytoplasm known as the centrosome 
or centrosphere. Each contains nine triplets of micro- 
tubules as shown in fig 22.3. At the beginning of nuclear 
division the centrioles replicate themselves and the two 
new pairs migrate to opposite poles of the spindle, the 
structure on which the chromosomes become aligned 
(section 22.2). The spindle itself is made of microtubules, 
presumably synthesised using centrioles as MTOCs. The 
microtubules control separation of chromatids or chromo- 
somes as described in chapter 22. Cells of higher plants lack 
centrioles, although they do produce spindles during 
nuclear division. The cells may contain smaller MTOCs 
that are not easily visible even with the electron micro- 
Scope. Another possible function of centrioles as MTOCs is 
discussed in intracellular transport below. 

Identical in structure to centrioles are basal bodies, 
formerly known as kinetosomes or blepharoplasts. They are 
always found at the base of cilia and flagella and probably 
originate from replication of centrioles. They also seem to 
act as MTOCs because cilia and flagella contain a 
characteristic ‘9 + 2’ arrangement of microtubules (sec- 
tion 17.6 and figure 17.31). 

In spindles, as well as in cilia and flagella, microtubules 
undergo sliding motions which in the former case move 
Chromosomes or chromatids and in the latter are respon- 


Fig 7.25 


Immunofluorescence micrograph showing the 
distribution of microtubules in a cell (a fibroblast) by reaction 
with a fluorescent antibody 


sible for beating movements. Further details of these 
activities are given in chapters 17 and 22. 


Intracellular transport. Microtubules have 
also been implicated in the movements of other cell 
organelles such as Golgi vesicles, an example being the 
guiding of Golgi vesicles to the cell plate shown in fig 7.21. 
There is a constant traffic in cells of Golgi vesicles and of 
vesicles from the ER to the Golgi apparatus, and 
time-lapse photography reveals regular movements of 
larger organelles, such as lysosomes and mitochondria, in 
many cells. Such movements may be both random and 
non-random and are believed to be typical of most cell 
organelles. They are suspended if the microtubule system is 
disrupted. The network of microtubules in cells has been 
strikingly revealed by a technique known as im- 
munofluorescence microscopy in which fluorescent markers 
are tagged to antibody molecules that bind specifically to 
the protein whose distribution is being investigated. If an 
antibody to tubulin is used, a distribution like that shown in 
fig 7.25 is revealed by the light microscope. The micro- 
tubules are believed to radiate from the centrosphere 
around the centrioles. Satellite proteins around the 
centrioles act as MTOCs. 


Cytoskeleton. Microtubules also have a pas- 
sive architectural role in cells, their long, fairly rigid, 
tube-like structure acting in a skeletal fashion to form a 
‘cytoskeleton’. They help to determine the shape of cells 
during development and to maintain the shape of diffe- 
rentiated cells, often being found in a zone just beneath the 
plasma membrane. The axons of nerve cells, for example, 
contain longitudinally running bundles of microtubules 
(possibly also involved in transport along the axons). 
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Animal cells in which microtubules are disrupted revert to 
à spherical shape. In plant cells the alignment of micro- 
tubules corresponds with the alignment of cellulose fibres 
during deposition of the cell wall, thus indirectly estab- 
lishing cell shape. 


Microfilaments 


Microfilaments are very fine protein filaments about 
5-7 nm in diameter. Recently it has been shown that they 
are abundant in eukaryotic cells and consist of the protein 
actin which is found in muscle. In fact, 10-15% of the total 
protein of all cells so far examined has proved to be actin 
and immunofluorescence microscopy shows a cytoskeleton 
of actin similar to that of microtubules (fig 7.26). 
Microfilaments often occur in sheets or bundles (stress 
fibres) just below the plasma membrane and at the 
interface between stationary and moving cytoplasm where 
cytoplasmic streaming is taking place. They are probably 
involved in endocytosis and exocytosis. A much smaller 
proportion of myosin filaments is also found in cells, 
myosin being the other major protein of muscle. Interac- 
tions between actin and myosin are the cause of muscle 
contraction, as described in section 17.4. This and other 
evidence suggests that microfilaments are involved in cell 
motility (whether of the whole cell or within the cell), 
although this is not controlled in exactly the same way as in 
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Fig 7.26 Immunofluorescence micrograph showing ihe 
distribution of actin microfilaments in a cell (a fibroblast) by 
reaction with a fluorescent antibody. Actin has formed 
dome-like skeletal structures 


muscle. Actin filaments may operate alone in some cases, 
and with myosin in others. A good example of the latter is 
in microvilli (section 7.2.11). Microfilaments are c« onstantly 
being assembled and disassembled in cells that show 
motility. A final example of the use of microfilaments is 
during cleavage of animal cells which is brought about by 
constriction of a ring of microfilaments after nuclear 
division. 


Intermediate filaments 
A third distinct type of filament of intermediate size 
(8-10 nm in diameter) also has certain cytoskeletal and 
motility roles. 


TZ Microvilli 


One of the best understood contractile sys- 
tems, excluding muscle cells, is that of microvilli. It 
provides a good example of how actin and myosin 
microfilaments can interact in non-muscle cells. Microvilli 
are finger-like extensions of the plasma membrane of some 


animal cells. They increase the surface area for absorption, 
and are particularly numerous in cells specialised for 
absorption, such as in intestinal epithelium and kidney 
tubule epithelium. The fringe of the microvilli can just be 
seen with a light microscope and is called a brush border. 
More irregular and transitory extensions of the plasma 
membrane also occur, as shown in figs 7.3 and 7.5, and 
these play roles in exocytosis and endocytosis. 

Each microvillus contains bundles of actin filaments 
which are associated with myosin filaments at the base of. 
the microvillus in a region called the terminal web. 
Microvilli can contract, probably by a sliding movement of 
the actin filaments along the myosin filaments into the 
terminal web by a mechanism similar to that of muscle 
contraction. Alternate shortening and elongation of the 
microvilli probably aids the absorption process. 

Plant cells lack microvilli because their rigid cell walls 
impose restrictions on extensions of the plasma membrane. 
However, it is interesting to note the comparable increases 
in surface area achieved by transfer cells for purposes of 
transport (fi 14.28). Here the cell walls develop irregular 
thickening, increasing their surface area and hence the 
surface area of the lining plasma membrane. 


7.2.12 Mitochondria 


Mitochondria are found in all aerobic eukary- 
otic cells and their structure and function are briefly 
summarised in figs 7.3-6. Their chief function is aerobic 
respiration and they are described in detail in section 11.5. 


7.3 


Structures characteristic of plant 
cells 


As noted already, the cells of higher plants 
contain all the organelles found in animal cells with the 
exception of centrioles. They also possess extra structures 
which are the theme of this section. 


7.3.1 Cell walls 


Plant cells, like those of prokaryotes and 
fungi, are surrounded by a relatively rigid wall which is 
secreted by the living cell (the protoplast) within. Plant cell 
walls differ in chemical composition from those of the 
Prokaryotes and the fungi, as reference to table 2.1 will 
show. However, they share some of the same functions, 
Such as protection and support, and impose the same 
physical restraints on cell movement. The wall laid down 
during cell division of plants is called the primary wall. This 
May later be thickened to become a secondary wall. 
Formation of the primary wall is described in this section 
and a micrograph of an early stage in wall formation is 
Shown in fig 7.21. 


Structure of the cell wall 
The Primary wall consists of cellulose microfibrils running 


through a matrix of complex polysaccharides. Cellulose is a 
polysaccharide whose chemical structure is described in 
section 5.2.3. Of particular relevance to its role in cell walls 
is its fibrous nature and high tensile strength, which 
approaches that of steel. Individual molecules of cellulose 
are long chains cross-linked by hydrogen bonds to other 
molecules to form strong bundles called microfibrils. 
Microfibrils form the framework of the cell wall within the 
cell wall matrix. The matrix consists of polysaccharides 
which are usually divided for convenience into pectins and 
hemicelluloses according to their solubility in a number of 
solvents used in extraction procedures. Pectins, or pectic 
substances, are usually extracted first, having relatively 
high solubility. They are a mixed group of acidic polysac- 
charides (built up from the sugars arabinose and galactose, 
the sugar acid galacturonic acid, and methanol). They form 
long branching or straight molecules. The middle lamella 
that holds neighbouring cell walls together is composed of 
sticky, gel-like magnesium and calcium pectates, In the 
walls of ripening fruit certain insoluble pectic substances 
are converted back to soluble pectins. These form gels 
when sugar is added and are therefore used as commercial 
gelling agents. 

Hemicelluloses are a mixed group of alkali-soluble 
polysaccharides (including polymers of the sugars xylose, 
galactose, mannose, glucose and glucomannose). Like 
cellulose they form chain-like molecules, but the chains are 
less organised, shorter and more branched, Cell walls are 
hydrated and 60-70% of their mass is usually water, Water 
can move freely through free space in the cell wall and also 
contributes to the chemical and physical properties of the 
cell wall polysaccharides, 

Mechanically strong materials, like cell walls, in which 
more than one component is present are known as 
composite materials and they are generally stronger than 
any of their components in isolation. Fibre-matrix systems 
are used widely in engineering and a study of their 
properties is an important branch of both modern 
engineering and biology. The matrix transfers stress to the 
fibres, which have a high tensile strength. The matrix also 
improves resistance to compression and shear, spreads out 
the fibres and protects them from abrasion and possible 
chemical attack. An example of a matrix traditionally used 
in engineering is concrete which may be reinforced in 
various ways, such as by steel rods. A more modern and 
lighter structural material is a glass or carbon fibre 
reinforced plastic in which the plastic acts as the matrix. 
Wood is a composite whose strength is due to its cell walls. 
Other rigid biological composites include bone, cartilage 
and arthropod cuticles. Pliant composites also exist such as 
connective tissue and skin. 

In some cells, such as leaf mesophyll cells, the primary 
wall remains the only wall. In most, however, extra layers 
of cellulose are laid down on the inside surface of the 
primary wall (the outside surface of the plasma mem- 
brane), thus building up a secondary wall. This usually 
occurs after the cell has reached a maximum size; but a few 
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cells, such as those of collenchyma, continue to grow 
during this phase. Secondary thickening of plant cell walls 
should not be confused with secondary thickening (secon- 
dary growth) of the whole plant, which is an increase in 
girth resulting from the addition of new cells. 

The cellulose fibres of a given layer of secondary 
thickening are usually orientated at the same angle, but 
different layers are orientated at different angles, forming 
an even stronger cross-ply structure. This is shown in fig 
723. 

Some cells such as xylem vessel elements and sclerenchy- 
ma undergo extensive lignification whereby lignin, a 
complex polymer (not a polysaccharide), is deposited in all 
the cellulose layers (often a primary layer and three 
secondary layers). In some cells, such as protoxylem, the 
lignin is laid down in annular, spiral or reticulate patterns as 
shown in fig 8.11. In others it is complete, apart from pits 
which represent areas of the primary wall originally 
occupied by groups of plasmodesmata and known as pit 
fields (section 8.1.3 and fig 8.7). Lignin cements and 
anchors cellulose fibres together. It acts as a very hard and 
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Fig 7.27 
green seaweed Chaetomorpha melagonium showing cellulose 
microfibrils some 20 nm wide; the contrast is due to 
shadowing with a platinum/gold alloy 


Electron micrograph of layers from the wall oí the 


rigid matrix giving the cell wall extra tensile and particular- 
ly compressional strength (prevents buckling). It further 
protects the cells from physical and chemical damage. 
Together with the cellulose, which remains in the wall, it is 
responsible for the unique characteristics of wood as a 
construction material. 


Functions of the cell wall 

The main functions of plant cell walls are summarised 

below. 

(1) Mechanical strength and skeletal support is provided 
for individual cells and for the plant as a whole. 
Extensive lignification increases strength in some walls 
(small amounts are present in most walls). 


(2) Cell walls are fairly rigid and resistant to expansion and 
therefore allow development of turgidity when water 
enters the cell by osmosis. This contributes to the 
support of all plants and is the main source of support in 
herbaceous plants and organs such as leaves which do 
not undergo secondary growth. The cell wall prevents 
the cell from bursting when exposed to a hypotonic 
solution 


(3) Orientation of cellulose microfibrils limits and helps to 
control ceil growth and shape because the cell's ability 
to stretch is determined by their arrangement. If, for 
example. cellulose microfibrils form hoops in a trans- 
verse direction around the cell, the cell will stretch, as it 


fills with wolter by osmosis, in a longitudinal direction. 
(4) The system of interconnected cell walls (the apoplasm) 


is a ma pathway of movement for water and 
dissolved mineral salts. The walls are held together by 
middle lamellae. The cell walls also possess minute 
pores through which structures called plasmodesmata 
can pass. /orming living connections between cells, and 
allowing «!! the protoplasts to be linked in a system 
called thc symplasm. 


(5) Cell walls develop a coating of waxy cutin, the cuticle, 


on exposed epidermal surfaces reducing water loss and 
risk of intection. Cork cell walls undergo impregnation 
with suberin which serves a similar function after 
secondary growth. 

(6) The walls of xylem vessels, tracheids and sieve tubes 
(with t sieve plates) are adapted for long-distance 


translocation of materials through the cells, as ex- 
plained in chapters 8 and 14. 

(7) The cell walls of root endodermal cells are impregnated 
with suberin forming a barrier to water movement 
(section 14.1.5). 

(8) Some cell walls are modified as food reserves, as in 
storage of hemicelluloses in some seeds. 

(9) The cell walls of transfer cells develop an increased 
Surface area and the consequent increase in surface 
area of the plasma membrane increases the efficiency of 
transfer by active transport (section 14.8.6). 


7.3.2 Plasmodesmata 


Plasmodesmata are living connections that 
Pass between neighbouring plant cells through very fine 
pores in adjacent walls. Fig 7.6 summarises what little is 
known about their structure and function. They are 
Sometimes found in groups known as primary pit fields as 
described in section 8.1.3. Sieve plate pores of phloem 
Steve tubes are derived from plasmodesmata. 


7.3.8 Vacuoles 


: A vacuole is a fluid-filled sac bounded by a 
Single membrane. Animal cells contain relatively small 
Vacuoles, such as phagocytic vacuoles, food vacuoles, 
autophagic vacuoles and contractile vacuoles. However, 
Plant cells, notably mature parenchyma and collenchyma 


cells, have a large central vacuole surrounded by a 
membrane called the tonoplast (fig 7.4). The fluid they 
contain is called cell sap. It is a concentrated solution of 
mineral salts, sugars, organic acids, oxygen, carbon 
dioxide, pigments and some waste and ‘secondary’ pro- 
ducts of metabolism. The functions of vacuoles are 
summarised below. 

(1) Water generally enters the concentrated cell sap by 
osmosis through the differentially permeable tono- 
plast. As a result turgor pressure builds up within the 
cell and the cytoplasm is pushed against the cell wall. 
Osmotic uptake of water is important in cell expansion 
during cell growth, as well as in the normal water 
relations of plants. 

(2) The vacuole sometimes contains pigments in solution 
called anthocyans. These include anthocyanins, which 
are red, blue and purple, and other related compounds 
which are shades of yellow and ivory. They are largely 
responsible for the colours in flowers (for example in 
roses, violets and Dahlia), fruits, buds and leaves. In 
the latter case they contribute to autumn shades, 
together with the photosynthetic pigments of chloro- 
plasts. They are important in attracting insects, birds 
and other animals for pollination and seed dispersal. 

(3) Plant vacuoles sometimes contain hydrolytic enzymes 
and act as lysosomes during life. After cell death the 
tonoplast, like all membranes, loses its differential 
permeability and the enzymes escape causing autolysis. 

(4) Waste products and certain secondary products of plant 
metabolism may accumulate in vacuoles. For example, 
crystals of waste calcium oxalate are sometimes 
observed. The role of secondary products is not always 
clear, as in the case of alkaloids which may be stored in 
vacuoles. They, like tannins (which are astringent to 
the taste), may offer protection from consumption by 
herbivores. Tannins are particularly common in 
vacuoles (as well as in the cytoplasm and cell walls) of 
leaves, wood, bark, unripe fruits and seed coats. Latex 
may accumulate in vacuoles, usually in a milky 
emulsion, as in dandelion stems. Certain cells, known 
as laticifers, are specialised for this function. The latex 
of the rubber tree Helvea brasiliensis contains the 
enzymes and intermediates needed for rubber syn- 
thesis, and the latex of the opium poppy contains 
alkaloids. 

(5) Some of the dissolved substances act as food reserves, 
which can be utilised by the cytoplasm when necessary, 
for example sucrose, mineral salts and inulin. 


Plastids 


Plastids are organelles found only in plant cells 
and in higher plants develop from small bodies called 
proplastids found in meristematic regions. They are 
surrounded by two membranes (the envelope). Proplastids 
can develop into several types of plastid depending on 
where they are found in the plant. There are various ways 
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of classifying the different types and a simple scheme is 
given below. 


Chloroplasts. These are plastids that contain 
chlorophyll and carotenoid pigments and carry out photo- 
synthesis. They are found mainly in leaves and are 
described in section 9.3.1 in the context of photosynthesis. 


Chromoplasts. These are non-photosyn- 
thetic coloured plastids containing mainly red, orange or 
yellow pigments (carotenoids). They are particularly 
associated with fruits (such as the tomato and red pepper) 
and flowers in which their bright colours serve to attract 
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insects, birds and other animals for pollination and seed 
dispersal. The orange pigment of carrot roots is also 
contained in chromoplasts. 


Leucoplasts. These are colourless plastids 
lacking pigments. They are usually modified for food 
storage, and are particularly abundant in storage organs 
such as roots, seeds and young leaves. They are further 
classified according to food stored; for example amylo- 
plasts store starch (see fig 15.16), lipidoplasts (ciaioplasts 
or oleoplasts) store lipids either as oil or fat, as in oily nuts 
and sunflower seeds, and proteoplasts store protein, as in 
some seeds. 


r 


Chapter Eight 


Histology 


All multicellular organisms possess groups of cells of 
similar structure and function assembled together to form 
tissues. The study of tissues is called histology. A tissue can 
be defined as a group of physically linked cells and 
associated intercellular substances that is specialised for a 
particular function or functions. This specialisation, whilst 
leading to an increased efficiency of action by the organism 
as a whole, means that the collective activity of different 
tissues must be coordinated and integrated if the organism 
is to be vi 

Different (issues are often grouped together into larger 
functional units called organs. Internal organs are more 
obvious in animals than in plants, where they do not exist as 
such except perhaps for the vascular bundles. In animals, 
organs form the parts of the even larger functional units 
known as systems, for example the digestive system 
(pancreas, liver, stomach, duodenum and so on) and the 
vascular system (heart and blood vessels). 

The cells o! à tissue may be all of one type, for example 
parenchyma, collenchyma and cork in plants and 
squamous helium in animals. Alternatively, the tissues 
may contain à mixture of different cell types, as in xylem 
and phloem in plants and areolar connective tissue in 
animals, Generally the cells of a tissue share a common 
embryologicai origin. 

The study of tissue structure and function relies heavily 
on light microscopy and the associated techniques of 
preserving. staining and sectioning material. These techni- 
ques are described in section A2.4. 

In this chapter the histology of the most advanced plants, 
the flowering plants, is studied at the level of detail which 
can be seen with the light microscope. In some cases, 
though, reference is made to structure as revealed by the 
Scanning electron microscope in order to provide greater 
clarification. In relating structure to function in tissues it is 
important to bear in mind the three-dimensional structures 
of the cells and their relationship to one another. This kind 
of information is usually ‘pieced together’ by examining 
Material in thin section, most commonly in transverse 
Section (TS) and longitudinal section (LS). Neither type of 
Section alone can give all the information required, but a 
Combination of the two can often reveal the necessary 


* The structure of some plant tissues is dealt with elsewhere in this book. 

Ore detailed structure of phloem is given in chapter 14 where its 
Structure is related to its function in translocation. Development of plant 
tissues from meristematic cells is discussed in chapter 21, together with 
Secondary growth and the structure of wood (secondary xylem) and cork. 


information. Some cells, such as xylem vessels and 
tracheids in plants, can easily be examined whole by 
macerating the tissue. This involves the breakdown of soft 
tissues leaving behind the harder, lignified xylem vessels, 
tracheids and fibres. * 

Plant tissues can be divided into two groups, either 
consisting of one type of cell or of more than one type. 
Animal tissues are divided into four groups: epithelial, 
connective, muscle and nervous tissue. Table 8.1 shows the 
characteristic features, functions and distribution of plant 
tissues. 


8.1 


Simple plant tissues — tissues 
consisting of one type of cell 


8.1.1 Parenchyma 


Structure 


The structure of parenchyma is shown in fig 8.1. The cells 
are usually roughly spherical (isodiametric) though they 
may be elongated. 


Functions and distribution 


The cells are unspecialised and act as packing tissue’ 
between more specialised tissues, as in the pith, cortex and 
medullary rays. They form a large part of the bulk of 
various organs, such as the stem and root, and they also 
occur among the xylem vessels (xylem parenchyma) and 
phloem cells (phloem parenchyma). 

The osmotic properties of parenchyma cells are impor- 
tant because when turgid they become tightly packed and 
provide support for the organs in which they are found. 
This is particularly important in the stems of herbaceous 
plants, where they form the main means of support. During 
periods of water shortage the cells of such plants lose water 
and this results in the plants wilting. 

Although structurally unspecialised, the cells are meta- 
bolically active and are the sites of many of the vital 
activities of the plant body. 

A system of air spaces runs between the cells through 
which gaseous exchange can take place between living cells 
and the external environment through stomata or lenticels. 
Oxygen for respiration and carbon dioxide for photosyn- 
thesis can thus diffuse through the spaces, such as in the 
spongy mesophyll layer of the leaf. 


Table 8.1 Characteristic features, functions and distribution of plant tissues.* 


Living 

Tissue or dead Wall material Cell shape Main functions Distribution 

Parenchyma Living Cellulose, pectins Usually isodiametric, Packing tissue. Support Cortex, pith, medullary 
and hemicelluloses sometimes elongated in herbaceous plants. rays and packing tissue in 

Metabolically active. xylem and phloem 
Intercellular air spaces 

allow gaseous exchange. 

Food storage. Transport 

of materials through cells 

or cell walls. 

Modified 

parenchyma 

(a) epidermis Living Cellulose, pectins and Elongated and flattened Protection from desic- Single layer of cells 
hemicelluloses, and cation and infection. covering entire primary 
covering of cutin Hairs and glands may plant body 

have additional functions. 

(b) mesophyll Living Cellulose, pectins and — Isodiametric, irregular Photosynthesis (contains Between the upcer and 
hemicelluloses or column-shaped chloroplasts). Storage ^ lower epidermi» of leaves 

depending on location of starch. 

(c) endodermis Living Cellulose, pectins and — As epidermis Selective barrier to Around vascular tissue 
hemicelluloses, and movement of water and (innermost laye“ of 
deposits of suberin mineral salts (between cortex) 

cortex and xylem) in 
roots. Starch sheath with 
possible role in geotropic 
response in stems. 
(d) pericycle Living Cellulose, pectins and As parenchyma In roots it retains In roots between central 


hemicelluloses 


meristematic activity 


vascular tissue and 


producing lateral roots ^ endodermis 
and contributing to 
secondary growth if this 
occurs. 
NB The pericycle in the stem is made of sclerenchyma and has a different origin. 
Collenchyma Living Cellulose, pectins and Elongated and polygonal Support (a mechanical Outer regions of cortex, 
hemicelluloses with tapering ends function) e.g. angles of stems, 
midrib of leaves 
Sclerenchyma 
(a) fibres Dead Mainly lignin. Cellulose, Elongated and polygonal Support (purely mechan- Outer regions of cortex, 
pectins and hemi- with tapering interlocking ical) pericycle of stems, xylem 
celluloses also present. ends and phloem 
(b) sclereids Dead As fibres Roughly isodiametric, Support or mechanical Cortex, pith, phloem, 
though variations occur protection shells and stones of fruits, 
seed coats 
Xylem Mixture of living and dead cells. Xylem also contains fibres and parenchyma which are as previously described. 
tracheids Dead Mainly lignin. Cellulose, Elongated and tubular Translocation f wat 5 
and vessels pectins and hemi- and mineral Pria st) ai a 
celluloses also present. Support. 
Phloem Mixture of living and dead cells. Phloem also contains fibres and sclereids which are as previously described. 
(a) sieve Living Cellulose, pectins and Elongated and tubular Translocation of 5 
tubes hemicelluloses organic solutes (food) prova 
(b) companion Living Cellulose, pectins and Elongated and narrow Work in association 


cells 


hemicelluloses 


with sieve tubes 


Vascular system 


* Tissues associated with secondary growth, such as wood and cork, are described in chapter 21. 
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(a) 


thin peripheral layer of 
cytoplasm 


rounded cell 


large central vacoule 


middle lamella 


thin primary cellulose 
cell wall 


intercellular air space - 
many present 


Average diameter: about 25 jim 


Fig 8.1 Structure of parenchyma cells. (a) TS, cells are 
usually roughly isodiametric (spherical), though may be 
elongated. (b) TS Helianthus stem pith 


Parenchyma cells are often sites for food storage, most 
notably in storage organs, such as potato tubers where the 
parenchyma cortex stores starch in amyloplasts. Food is 
also stored in medullary rays. Rare examples occur of 
parenchyma cells storing food in thickened cell walls, for 
example the hemicelluloses of date seed endosperm. 

The walls of parenchyma cells are important pathways of 
water and mineral salt transport through the plant (part of 
the ‘apoplast pathway’ described in chapter 14). Sub- 
stances may also move through cytoplasmic routes between 
neighbouring cells. 

Parenchyma cells may become modified and more 
Specialised in certain parts of the plant. Some examples of 
tissues that can be regarded as modified parenchyma are 
discussed below. 


Epidermis. This is the layer, one cell thick, 
that covers the whole of the primary plant body. Its basic 
function is to protect the plant from desiccation and 
infection. During secondary growth it may be ruptured and 
replaced by a cork layer as described in section 21.6.6. The 
Structure of typical epidermal cells is shown in fig 8.2. 

The epidermal cells secrete a waxy substance called cutin 
which forms a layer of variable thickness called the cuticle 
within and on the outer surface of the cell walls. This helps 
to reduce water loss by evaporation from the plant surface 
35 well as helping to prevent the entry of pathogens. 

If the surfaces of leaves are examined in a light 
microscope it can be seen that the epidermal cells of 
dicotyledonous leaves are irregularly arranged and often 
have wavy margins, while those of monocotyledons tend to 
be more regular and rectangular in shape. At intervals, 


specialised epidermal cells called guard cells occur in pairs 
side by side, with a pore between them called a stoma. 
These features are shown in figs 8.2b and c. Guard cells 
have a distinctive shape and are the only epidermal cells 
that contain chloroplasts, the rest being colourless. The 
size of the stoma is adjusted by the turgidity of the guard 
cells as described in chapter 14. The stomata allow gaseous 
exchange to occur during photosynthesis and respiration 
and are most numerous in the leaf epidermis, though they 
are also found in the stem. Water vapour also escapes 
through the stomata, and this is part of the process called 
transpiration. 

Sometimes epidermal cells grow hair-like extensions 
which may be unicellular or multicellular and serve a wide 
variety of functions. In roots, unicellular hairs grow from a 
region just behind the root tip and increase the surface area 
for absorption of water and mineral salts (fig 14.16). In 
climbing plants, such as goosegrass (Galium aparine), 
hooked hairs often occur and function to prevent the stems 
from slipping from their supports. 

More often epidermal hairs are an additional protective 
feature. They may assist the cuticle in reducing water loss 
by trapping a layer of moist air next to the plant, as well as 
reflecting radiation. Some hairs are water absorbing, 
notably on xerophytic plants. Others may have a mechanic- 
al protective function as with short, stiff bristles. The hairs 
of the stinging nettle (Urtica dioica) are hard with a 
bulbous tip and as they knock against an animal's body 
their fragile tip breaks off and the jagged end pierces the 
skin. The cell contents at their bases enter the wound, 
acting as an irritant poison. Hairs may form barriers around 
the nectaries of flowers preventing access to crawling 
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Fig.8.2 (opposite) Structure of epidermal cells. (a) 
Epidermal cells seen in TS, LS and three-dimensions. (b) 
Surface view o! dicotyledon leaf epidermis (for TS stoma see 
fig 14.16). (c) Surface view of monocotyledon leaf epidermis. 


(d) Spider mi: trapped and killed by the hair glands of a 
potato leaf. An enzyme capable of digesting animal matter 
has been found :n one type of glandular hair in the potato, so 
the potato cows be regarded as a carnivorous plant. Many 
other plants »ormally thought of as carnivorous may have 
similar abilities (©) Young leaf of Cannabis sativa with adaxial 
glands and ! mes. (f) Leaf surface of Urtica dioica (stinging 
nettle) 

(a) 


enchyma cells of 
cortex 


s 
nucleus 


-- 


insects and h« Iping to promote cross-pollination by larger 
flying insects (see white dead-nettle, fig 20.17). 
Glandular cells are also a common feature of the 
epidermis and these may be hair-like. They may secrete a 
Sticky substance that traps and kills insects, either for 
Protection or, if the exudate contains enzymes, for 
digestion and subsequent absorption of food. Such plants 
May be regarded as carnivorous (fig 8.2d). Glandular hairs 
are sometimes responsible for the scents given off by 
Plants, such as on the leaves of lavender (Lavendula). 


Mesophyll (see also figs 9.3 and 9.4). This is 
the packing tissue found between the two epidermal layers 
of leaves and consists of parenchyma modified to carry out 
Photosynthesis. Photosynthetic parenchyma is sometimes 
called chlorenchyma. The cytoplasm of such cells contains 
Numerous chloroplasts where the reactions of photosyn- 
thesis occur. In dicotyledons there are two distinct layers of 


(b) 


Fig 8.3 Structure of root endodermis. (left) (a) TS young 
endodermis with Casparian band (HP). (above) (b) TS old 
dicotyledonous root showing endodermis 


mesophyll, an upper layer consisting of column-shaped 
cells forming the palisade mesophyll, and a lower layer of 
more irregularly shaped cells, containing fewer chloro- 
plasts, called spongy mesophyll. Most photosynthesis is 
carried out in the palisade mesophyll, while large inter- 
cellular air spaces between spongy mesophyll cells allow 
efficient gaseous exchange. 


Endodermis (see also fig 14.17). This is the 
layer of cells surrounding the vascular tissue of plants and 
can be regarded as the innermost layer of the cortex. The 
cortex is usually parenchymatous, but the endodermis may 
be modified in various ways, both physiologically and 
structurally. It is more conspicuous in roots, where it is one 
cell thick, than in stems because in roots each cell develops 
a Casparian strip, a band of suberin (a fatty substance) that 
runs round the cell (fig 8.3). At a later stage further 
thickenings of the wall may take place. The structure and 
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function of root endodermis are shown in fig 14.17. 

In the stems of dicotyledons the vascular bundles form a 
ring and the endodermis is the layer, one to several cells 
thick, immediately outside of this ring (fig 14.15). In this 
situation the endodermis often appears no different from 
the rest of the cortex, but may store starch grains and form 
à starch sheath which becomes visible when stained with 
iodine solution. These starch grains may sediment inside 
the cells in response to gravity, making the endodermis 
important in the geotropic response in the same way as root 
cap cells (section 15.2.2). In monocotyledonous stems the 
vascular bundles are scattered and no endodermis can be 
distinguished around them. 


Pericycle. Roots possess a layer of paren- 
chyma, one to several cells thick, called the pericycle, 
between the central vascular tissue and the endodermis (fig 
14.17). It retains its meristematic capacity and produces 
lateral roots. It also contributes to secondary growth if this 
occurs. In stems there is usually no equivalent layer. 


Companion cells. These are specialised 
parenchyma cells found adjacent to sieve tubes and vital for 
the functioning of the latter. They are very active 
metabolically and have a denser cytoplasm with smaller 
vacuoles than normal parenchyma cells. Their origin, 
structure and function are described later in this chapter 
(section 8.2.2). 


8.1.2 Collenchyma 


Collenchyma consists, like parenchyma, of 
living cells but is modified to give support and mechanical 
strength. 


Structure 


The structure of collenchyma is shown in fig 8.4. It shows 
many of the features of parenchyma but is characterised by 
the deposition of extra cellulose at the corners of the cells. 
The deposition occurs after the formation of the primary 
cell wall. The cells also elongate parallel to the longitudinal 
axis of the organ in which they are found. 


Function and distribution 

Collenchyma is a mechanical tissue, providing support for 
those organs in which it is found. It is particularly important 
in young plants, herbaceous plants and in organs such as 
leaves where secondary growth does not occur. In these 
situations it is an important strengthening tissue sup- 
plementing the effects of turgid parenchyma. It is the first 
of the strengthening tissues to develop in the primary plant 
body and, because it is living, can grow and stretch without 
imposing limitations on the growth of other cells around it. 

In stems and petioles its value in support is increased by 
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its location towards the periphery of the organ. It is often 
found just below the epidermis in the outer region of the 
cortex and gradually merges into parenchyma towards the 
inside, thus forming a hollow cylinder in three dimensions, 
Alternatively strengthening ridges may be formed, as along 
the fleshy petioles of celery (Apium graveolus) and the 
angular stems of plants such as dead-nettle ( Lamium). In 
dicotyledonous leaves it appears as solid masses running 
the length of the midrib, providing support for the vascular 
bundles. 


8.1.3 Sclerenchyma 


The sole function of sclerenchyma is to assist 
in providing support and mechanical strength for the plant. 
Its distribution within the plant is related to the stresses to 
which different organs are subjected. Unlike collenchyma, 
the mature cells are dead and incapable of elongation so 
they do not mature until elongation of the living cells 
around them is complete. 


Structure 


There are two types of sclerenchyma cell, namely fibres, 
which are elongated cells, and sclereids or stone cells, which 
are usually roughly spherical, although both may vary 
considerably in size and shape. Their structures are shown 
in figs 8.5 and 8.6 respectively. In both cases the primary 
cell wall is heavily thickened with deposits of lignin, a hard 
substance with great tensile and compressional st rength. A 
high tensile strength means that it does not break easily on 
stretching, and a high compressional strength means that it 
does not buckle easily. 

Deposition of lignin takes place in and on the primary 
cellulose cell wall, and as the walls thicken, the living 
contents of the cells are lost with the result that the mature 
cells are dead. In both fibres and sclereids structures called 
simple pits appear in the walls as they thicken. These 
represent areas where lignin is not deposited on the 
primary wall owing to the presence of groups of plas- 
modesmata (strands of cytoplasm that connect neighbour- 
ing cells through minute pores in the adjacent cell walls). 
Each group of plasmodesmata forms one pit. The pits are 
described as simple because they are tubes of constant 
width. Their development is best explained diagrammati- 
cally as shown in fig 8.7. 


Function and distribution of fibres 


Individual sclerenchyma fibres are strong owing to their 
lignified walls. Collectively their strength is enhanced by 
their arrangement into strands or sheets of tissue that 
extend for considerable distances in a longitudinal direc- 
tion. In addition, the ends of the cells interlock with one 
another, increasing their combined strength. 

Fibres are found in the pericycle of stems, forming a solid 


Fig 8.4 Structure of collenchyma cells. (a) TS, cells are 
polygonal in outline. (b) LS, cells are elongated (up to 1 mm 
in length). (c) TS collenchyma from Helianthus stem. (d) LS 
collenchyma from Helianthus stem 
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(a) branching simple pits - may 
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point where two simple pits 
have fused as cell wall 
grows inwards 


lumen 


lignified secondary wall 
built up in layers from 
outside inwards 


Fig 8.6 Structure of sclerenchyma 
sclereids. (a) TS or LS, cells are 
isodiametric. (b) Entire sclereid from 
macerated flesh of pear fruit (x 400) 


Fig 8.7 (below) Development of simple pits in sclerenchyma fibres and sclereids 
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Fig 8.8 (opposite) Structure of primary xylem. (a) TS. 
(b) LS. (c) TS primary xylem from Helianthus stem. 
(d) LS primary xylem from Helianthus stem 


rod of tissue ‘capping’ the vascular bundles of dicotyledons, 
and a hollow cylinder around the vascular bundles of 
monocotyledons (see fig 14.15). They often form a layer in 
the cortex below the epidermis of stems or roots, in the 
same way as collenchyma, forming a hollow cylinder that 
contains the rest of the cortex and vascular tissue. Fibres 
also occur in both xylem and phloem, either individually or 
in groups, as described in section 8.2. 


Function and distribution of sclereids 

Sclereids are generally scattered singly or in groups almost 
anywhere in the plant body, but are most common in the 
cortex, pith, phloem and in fruits and seeds. 

_ Depending on numbers and position, they confer 
firmness or rigidity on those structures in which they are 
found. In the flesh of pear fruits they occur in small groups 
and are responsible for the ‘grittiness’ of these fruits when 
eaten. In some cases they form very resilient, solid layers, 
às in the shells of nuts, and the stones (endocarp) of stone 


fruits. In seeds they commonly toughen the testa (seed 
coat). 


8.2 Plant tissues consisting of more 
than one type of cell 


There are two types of conducting tissue in 
plants, namely xylem and phloem, both of which contain 
more than one type of cell. Together they constitute the 


bordered pit tracheid 
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Fig 8.9 (above) Structure of tracheids. (a) Tracheid with 
bordered pits (tracheids may also have annular, spiral, 
scalariform and reticulate thickening, like vessels, see fig 
8.11g). (b) Tracheids from macerated wood of Pinus (x 120) 


vascular tissue whose function in translocation is described 
in chapter 14. Xylem conducts mainly water and mineral 
salts from the roots up to other parts of the plant, while 
phloem conducts mainly organic food from the leaves both 
up and down the plant. Both tissues may be increased in 
amount as a result of secondary growth as described in 
chapter 21. Secondary xylem may become extensive, when 
it is known as wood. The structure of wood is shown in figs 
21.25 and 21.26. 

Two major groups of plants possess xylem and phloem, 
namely pteridophytes and seed-bearing plants (sperma- 
tophytes). Together they are called the vascular plants or 
Tracheophyta. 


8.2.1 Xylem 


Xylem has two major functions, the conduc- 
tion of water and mineral salts, and support. Thus it has 
both a physiological and a structural role in the plant. It 
consists of four cell types, namely tracheids, vessel 
elements, parenchyma and fibres. These are illustrated in 
TS and LS in fig 8.8. 


Tracheids 
Tracheids are single cells that are elongated and lignified. 
They have tapering end walls that overlap with adjacent 
tracheids in the same way as sclerenchyma fibres. Thus they 
have mechanical strength and give support to the plant. 
They are dead with empty lumens when mature. Tracheids 
represent the original, primitive water-conducting cells of 
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Fig 8.11 (below) Structure of protoxylem and metaxylem 
vessels. (a) Protoxylem vessels. (b) Micrograph of annular 
and spiral protoxylem vessels. (c) Micrograph of metaxylem 
reticulate vessels from macerated wood. 
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vascular plants and are the only cells found in the xylem of 
the more primitive vascular plants. They have given rise, in 
higher plants, to xylem fibres and vessels which are 
described later. Despite their primitive nature, they 
obviously function efficiently because gymnosperms, most 
of which are trees, rely exclusively on tracheid: to conduct 
water from the roots to the aerial parts. Water can pass 
through the empty lumens without being obstructed by 
living contents. It passes from tracheid to trachvid through 
the pits via the ‘pit membranes’, formed as described in fig 
8.7, or through unlignified portions of the cell walls, The 
pattern of lignification of the walls resembles tha: of vessels 
which are described below. Fig 8.9 illustrates the structure 
of tracheids. Angiosperms have relatively fewer tracheids 
than vessels, and vessels are thought to be mo: effective 
transporting structures, possibly necessary ow ng to the 


larger leaves and higher transpiration rates of this group. 
Vessels 
Vessels are the characteristic conducting units of angio- 


sperm xylem. They are very long, tubular structures 
formed by the fusion of several cells end to enc in a row, 
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(d) Pitted and reticulate metaxylem vessels. 
(e) Micrograph of metaxylem pitted vessel from macerated 
wood. (t) Scanning electron micrograph of metaxylem vessels 
(x 18 000). Appearance of these vessels in TS will vary 
according to which part of the vessel is sectioned as indicated 
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Each of the cells forming a xylem vessel is equivalent to a 
tracheid and is called a vessel element. However, vessel 
elements are shorter and wider than tracheids. The first 
xylem to appear in the growing plant is called primary 
xylem and develops in the root and shoot apices. 
Differentiated xylem vessel elements appear in rows at the 
edges of the procambial strands (shown in figs 21.18 and 
21.20). A vessel is formed when the neighbouring vessel 
elements of a given row fuse as a result of their end walls 
breaking down. A series of rims is left around the inner side 
of the vessel marking the remains of the end walls. The 
fusion of elements is shown in fig 8.10. 


Protoxylem and metaxylem 


The first vessels form the protoxylem, located in the part of 
the apex, just behind the apical meristem, where elonga- 
tion of surrounding cells is still occurring. Mature protoxy- 
lem vessels can be stretched as surrounding cells elongate 
because lignin is not deposited over the entire cellulose 
wall, but only in rings or in spirals as shown in fig 8.11. 
These act as reinforcement for the tubes during elongation 
ofthe stem or root. As growth proceeds more xylem vessels 
develop and these undergo more extensive lignification 
completing their development in the mature regions of the 
organ and forming metaxylem. Meanwhile, the earliest 
protoxylem vessels have stretched and collapsed. Mature 
metaxylem vessels cannot stretch or grow because they are 
dead, rigid, fully lignified tubes and were they to develop 
before the living cells around them had finished elongating 
they would impose severe restraints on elongation. 

Metaxylem vessels show three basic patterns of lignifica- 
tion, namely scalariform, reticulate and pitted, as shown in 
fig 8.11. 

The long, empty tubes of xylem provide an ideal system 
for translocating large quantities of water over long 
distances with minimal obstruction to flow. As with 
tracheids, water can pass from vessel to vessel through pits 
or through unlignified portions of the cell wall. The walls 
also have high tensile strength, being lignified, another 
important feature because it prevents tubes collapsing 
when conducting water under tension (section 14.4). 

The second main function of xylem, namely support, is 
also fulfilled by the collection of lignified tubes. In the 
primary plant body the distribution of xylem in the roots is 
central, helping to withstand the tugging strains of the 
aerial parts as they bend or lean over. In the stems the 
vascular bundles are arranged either peripherally in a ring, 
as in dicotyledons, or scattered, as in monocotyledons, so 
that in both cases separate rods of xylem run through the 
stem and provide some support. The supporting function 
becomes much more important if secondary growth takes 
place. During this process extensive growth of secondary 
xylem occurs which supports the large structure of trees 

and shrubs, taking over from collenchyma and sclerenchy- 
ma as the chief mechanical tissue. The nature and extent of 
the thickness is modified to some extent by the stresses 
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received by the growing plant, so that reinforcement 
growth can occur and give maximum support. 


Xylem parenchyma 
Xylem parenchyma occurs in both primary and 'econdary 
xylem but it is more extensive and assumes greater 


importance in the latter. It has thin cellulose cell walls and 
living contents, as is typical of parenchyma. 
Two systems of parenchyma exist in secondary xylem, 


derived from meristematic cells called ray initials and fusi- 
form initials, as described in section 21.6.6 and fig 21.2]. 
The ray parenchyma is the more extensive (fig 21.24), It 


forms radial sheets of tissue called medullary rays which 
maintain a living link through the wood between the pith 
and cortex. Its functions include food storage. deposition 
of tannins, crystals and so on, radial transport o! food and 
water, and gaseous exchange through the intercellular 
spaces. 


Fusiform initials normally give rise to xylem vessels or 
phloem sieve tubes and companion cells but occasionally 
they give rise to parenchyma cells. These form ver tical rows 


of parenchyma in the secondary xylem. 


Xylem fibres 


Xylem fibres, like xylem vessels, are thought to have 
originated from tracheids. They are shorter and narrower 
than tracheids and have much thicker walls, but they have 
pits similar to those in tracheids and are often difficult to 
distinguish from them in section because intermediate cell 
types occur. Xylem fibres closely resemble the sclerenchy- 
ma fibres already described, having overlapping end walls. 
Since they do not conduct water they can have much 
thicker walls and narrower lumens than xylem vessels and 
are therefore stronger and confer additional mechanical 
strength to the xylem. 


8.2.2 Phloem 


Phloem resembles xylem in possessing tubular 
Structures modified for translocation. However, the tubes 
are composed of living cells with cytoplasm and have no 
mechanical function. There are five cell types in the 
phloem, namely sieve tube elements, companion cells, 
parenchyma, fibres and sclereids. 


Sieve tubes and companion cells 

Sieve tubes are the long tube-like structures that translo- 
cate solutions of organic solutes like sucrose throughout 
the plant. They are formed by the end-to-end fusion of cells 
called sieve tube elements or sieve elements. Rows of these 
cells can be seen developing from the procambial strands of 
apical meristems where primary phloem develops, 
together with primary xylem, in vascular bundles. 

The first phloem formed is called protophloem and, like 
protoxylem, it is produced in the zone of elongation of the 
growing root or stem (figs 21.18 and 21 .20). As the tissues 
around it grow and elongate it becomes stretched and much 
of it eventually collapses and becomes non-functional. 


Fig 8.12 Structure of phloem. (a) Diagram of TS. 

) Micrograph of TS of primary phloem of Helianthus stem 
(x 450). (c) Diagram of LS. (d) Micrograph of LS of 
primary phloem of Cucurbita stem (x 432) 
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Meanwhile, however, more phloem continues to be 
produced and the phloem that matures after elongation has 
ceased is called metaphloem. 

Sieve tube elements have a very distinctive structure. 
Their walls are made of cellulose and pectic substances, 
like parenchyma cells, but their nuclei degenerate and are 
lost as they mature and the cytoplasm becomes confined to 
a thin layer around the periphery of the cell. Although they 
lack nuclei, the sieve elements remain living but are 
dependent on the adjacent companion cells which develop 
from the same original meristematic cell. The two cells 
together form a functional unit, the companion cell having 
dense, very active cytoplasm. The detailed structure of the 
cells is revealed by the electron microscope and is described 
in chapter 14 (see figs 14.22 and 14.23 and section 14.2.2). 

A conspicuous and characteristic feature of sieve tubes 
that is visible in the light microscope is the sieve plate. This 
is derived from the two adjoining end walls of neighbouring 
sieve elements. Originally plasmodesmata run through the 
walls but the canals enlarge to form pores, making the walls 
look like a sieve and allowing a flow of solution from one 
element to the next. Thus sieve tubes are spanned at 
intervals by sieve plates that mark successive sieve 
elements. The structure of sieve tubes, companion cells 
and phloem parenchyma as seen with the electron 
microscope is shown in fig 8.12. 

Secondary phloem, which develops from the vascular 
cambium like secondary xylem, appears similar in structure 
to primary phloem except that it is crossed by bands of 
lignified fibres and medullary rays of parenchyma as shown 
in figs 21.25 and 21.26. It is much less extensive than 
secondary xylem and is constantly being replaced as 
described in section 21.6. 


Phloem parenchyma, fibres and sclereids 


Phloem parenchyma and fibres are found in dicotyledons 
but not in monocotyledons. Phloem parenchyma has the 
same structure as parenchyma elsewhere, though the cells 
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Fig 8.13 Simple squamous epithelium: (a) diagram; 
(b) photomicrograph (small blood vessel) 
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central disc- 
shaped nucleus 


are generally elongated. In secondary phloem, paren- 
chyma occurs in medullary rays and vertical strands ag 
already described for xylem parenchyma. Phloem paren- 
chyma and xylem parenchyma have the same functions, 

Phloem fibres are exactly similar to the sclerenchyma 
fibres already described. They occur occasionally in the 
primary phloem, but more frequently in the secondary 
phloem of dicotyledons. In secondary phloem they form 
vertically running bands of cells. Since the secondary 
phloem is subject to stretching as growth continues, the 
sclerenchyma probably helps to resist this pressure, 

Sclereids occur frequently in phloem, especially in older 
phloem. 


8.3 


Animal epithelial tissue 


Epithelial tissue is arranged in single or 
multilayered sheets and covers the internal anc external 
surfaces of the body of an organism. True epithelial tissue 
arises embryonically from either the ectoderm, which 


provides epithelium for the skin, nervous system and parts 
of the fore- and hindgut, or the endoderm, which provides 
epithelium for the remainder of the alimentary canal, the 
liver and pancreas. It should be mentioned here that the 
inner lining of blood vessels, called endothelium. is not true 


Table 8.2 Classification of epithelial tissues. 


squamous 
cubical (cuboidal) 
columnar 
simple ciliated 
true (one cell thick) pseudostratified 
epithelium 
stratified 
compound — 
(more than one transitional 
cell thick) 


epithelium as it is derived from embryonic mesoderm. 

Epithelial cells are held together by small amounts of 
cementing substance containing a carbohydrate derivative 
called hyaluronic acid. The bottom layer of cells rests on a 
basement membrane composed of a network of col- 
lagenous fibres usually secreted by underlying tissues. As 
epithelial cel!s ire not supplied with blood vessels, they rely 
on diffusion o! oxygen and nutrients from lymph vessels 
which ramif adjacent intercellular spaces. Nerve endings 
may penetrate the epithelium. 


Epithelia ue functions to protect underlying struc- 
tures from through abrasion or pressure, and from 
infection is combated by the tissue becoming 
thickened an keratinised, and where cells are sloughed off 


friction the epithelium shows a very rapid 
on so that lost cells are speedily replaced. 


due to cons! 
rate of cell 


The free ce of the epithelium is often highly 
differentia: id may be absorptive, secretory or excre- 
tory in fun or bear sensory cells and nerve endings 
specialised timulus reception. 

Epitheli ues are classified into the following types 
indicated i e 8.2 according to the number of cell layers 
and the sha | the individual cells. In many areas of the 
body the : nt cell types intermix and the epithelia 


cannot be classified into distinct types. 


(a) 


central spherical 


basement membrane nucleus 


Fig 8.14 Cubical (cuboidal) epithelium: (a) diagram; (b) 
Photomicrograph (kidney) 


8.3.1 Simple epithelia 


Squamous epithelium 


The cells are thin, flattened and contain little cytoplasm 
enclosing a centrally placed disc-shaped nucleus (fig 8. 13). 
The margins of squamous cells are tesselated (irregular) 
and provide a mosaic outline in surface view. There are 
often protoplasmic connections between adjacent cells 
which help to bind them firmly together. Squamous 
epithelium occurs in areas such as the Bowman’s capsules 
of the kidney, the alveolar lining of the lungs and the blood 
capillary walls where its thinness permits diffusion. of 
materials through it. It also provides smooth linings to 
hollow structures such as blood vessels and the chambers of 
the heart where it allows the relatively friction-free passage 
of fluids through them. 


Cubical epithelium 


This is the least specialised of all epithelia and, as the name 
implies, the cells are cube-shaped and possess a central 
spherical nucleus (fig 8.14). When viewed from the surface 
the cells are either pentagonal or hexagonal in outline. 
They form the lining of many ducts such as the salivary, 
pancreatic and collecting ducts of the kidney where they 
are non-secretory. Cubical epithelium in other parts of the 
body is secretory and is found in many glands such as the 
salivary, mucus, sweat and thyroid glands. 


Columnar epithelium 


These cells are tall and quite narrow, thus providing more 
cytoplasm per unit area of epithelium (fig 8. 15). Each cell 
possesses a nucleus situated at its basal end. Secretory 
goblet cells are often interspersed among the epithelial 
cells and the epithelium may be secretory and/or absorptive 
in function. There is frequently a conspicuous striated 
border of microvilli at the free surface end of each cell 
which increases the surface area of the cell for absorption 
and secretion. Columnar epithelium lines the stomach, 
where mucus secreted by goblet cells protects the stomach 
lining from the acidic contents of the stomach and from 
digestion by enzymes. It also lines the intestine where 
mucus again protects it from self-digestion and at the same 
time lubricates the passage of food. In the small intestine 
digested food is actually absorbed through the epithelium 
into the bloodstream. Columnar epithelium lines and 
protects many kidney ducts, and is a component of the 
thyroid gland and gall bladder. 


Ciliated epithelium 


Cells of this tissue are usually columnar in shape but bear 
numerous cilia at their free surfaces (fig 8.16). They are 
always associated with mucus-secreting goblet cells pro- 
ducing fluids in which the cilia set up currents. Ciliated 
epithelium lines the oviducts, ventricles of the brain, the 
spinal canal and the respiratory passages, where it serves to 
move materials from one location to another. 
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(a) (b) 


| goblet cell 
9 


- basement \— simple columnar 
membrane epithelium 
supporting the 
goblet cell 


Fig 8.15 (a) Columnar epithelium, (b) showing goblet cell, 
(c) photomicrograph of columnar epithelium (trachea) 


^. basal body 


—columnar cell 


^L basement 


mucus-secreting cell membrane 


Fig 8.16 Simple ciliated epithelium: (a) diagram; 
(b photomicrograph (oviduct) 


Pseudostratified epithelium 


When viewed in section the nuclei of this type of epithelium 
appear to be at several different levels because all the cells 
do not reach the free surface (fig 8.17). Nevertheless the 
epithelium is still only one layer of cells thick with each cell 
attached to the basement membrane. This epithelium is 
found lining the urinary tract, the trachea (as pseudostra- 
tified columnar), other respiratory Passages as (pseudo- 
stratified columnar ciliated) and as a component of the 
olfactory mucosa. 
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nucleu 


8.3.2 


Compound epithelia 


Stratified epithelium 


This tissue comprises a number of layers of cells, is 
correspondingly thicker than simple epithelium and forms 
a relatively tough, impervious barrier. The cells are formed 
by mitotic division of the germinal layer which rests on the 
basement membrane (fig 8.18). The first-formed cells are 
cuboid in shape, but as they are pushed outwards towards 
the free surface of the tissue they become flattened. In this 
condition the cells are called squames. They may remain 
uncornified, as in the oesophagus, where the epithelium 


protects the underlying tissues against mechanical damage 
4 


(a) 


Fig 8.17 Pse 
epithelium 
(b) ciliated; 
(c) photomicrogra 
respiratory 
epithelium: ( 
electron mic 


'udostratified 
(a) columnar; 


ograph of cilia 


(a) — — .squame 


-cuboid cells 


as ^ germinal layer 
(b) — basement membrane 
squame 
cuboid _ 
germinal 
layer 


Fig 8.18 Stratified squamous epithelium: (a) diagram; 
(b) photomicrograph (vagina) 


mucus-secreting cell 


— basement membrane was e a 


by friction with food just swallowed, In other areas of the 
body the squames may be transformed into a dead horny 
layer of keratin which ultimately flakes away. In this 
condition the epithelium is said to be cornified, and is found 
in particular abundance on external skin surfaces, lining 
the buccal cavity and the vagina, where it affords 
protection against abrasion. 

According to the shape of the cells which make up the 
stratified epithelium, it may be termed stratified squamous 
(located in parts of the oesophagus), stratified cuboidal (in 
the sweat gland ducts), stratified columnar (in the 
mammary gland ducts), and stratified transitional (in the 
bladder). 


Transitional epithelium 


This is often regarded as a modified type of stratified 
epithelium. It consists of 34 layers of cells all of similar size 
and shape except at the free surface where they are more 
flattened (fig 8.19). The superficial cells do not slough off, 
and all cells are able to modify their shape when placed 
under differing conditions. This property is important in 
locations where structures are subjected to considerable 
distention such as the urinary bladder, ureter and the pelvic 
region of the kidney. The thickness of the tissue also 
prevents urine escaping into the surrounding tissues. 
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surface via ducts (table 8.3). Endocrine are glands where 
the secretion is passed directly into the bloodstream, 
Endocrine glands possess no ducts and are ai rnatively 
termed ductless glands (section 16.6 and fig 8.20). 

The secretions produced by glandular cells arc released 
in three different ways. In merocrine glands the secretion, 


produced within the cells, is simply passed through the cell 
membrane at the cell’s free surface. No cytoplasin is lost, 
This occurs in simple goblet cells, the sweat glands and the 
exocrine regions of the vertebrate pancreas. ln apocrine 
glands a portion of the cell’s distal cytoplasm is lost as the 
secretion is released, as in the secretions of the = immary 
glands. In holocrine glands the whole cell break: down to 
release its secretory product and is extruded irom the 
epithelial layer. Sebaceous glands show this mode of 
secretion. 
Fig 8.19 Transitional epithelium (bladder) Sometimes a cell may secrete different materi). cach by 
Exocrine gland J.T JE EEE EEEEE ELE LETC — Endocrine gland 
TELELELTE TASE 8 XE epithelium zi E JL: 
ví cord of ingrowing epithelial cells. 
IL 
tubule cord still consected 
to epitheliu 
clump of ceil 
HA T GUTTA MABAABRARBA CRRA RARAABRARE 
— lost epithelial. secretion discharged 
rro an discharged duct connection into a bloos sel 
capillary 
" secretor i 
cuu (produce hormones) 


exocrine gland 


Fig 8.20 The development of exocrine and endocrine glands 
(From Freeman & Bracegirdle ( 1975) An atlas of histology, 
Heinemann Education Books Ltd., London) ` 


8.3.3 Glandular epithelia 


Amongst the epithelial cells there may be 
individual glandular cells, such as the goblet cells, or 
aggregates of glandular cells forming a multicellular gland. 
An epithelium containing many goblet cells is called a 
mucous membrane. 

Two types of glandular cell exist, called exocrine and 
endocrine. Exocrine are those where the secretion is 
delivered to the free surface of the epithelium (fig 8.20). 
Multicellular exocrine glands pass their products to the 
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endocrine gland 


a different method. Such an example can be found in the 
mammary gland where a lipid product is secreted by the 
apocrine mechanism and a protein secretion is releasedina 
merocrine fashion. 

If the glandular cells secrete a viscous mucous product 
they are called mucous cells or mucocytes, whereas if the 
secretion is clear, watery in consistency and contains 
enzymes they are termed serous cells or serocytes. If both 
kinds of secretion are produced within the same gland then 
the gland is called a mixed gland. 

Multicellular exocrine glands exist in a number of forms 
of variable complexity as shown in table 8.3. 


8.4. 


Animal connective tissue 


. Connective tissue is the major supporting 
tissue of the body. It includes the skeletal tissue, bone and 


Type of gland 


Structure Location Type of gland Structure Location 
Simple Crypts of Simple secretory portion Mucus glands in 
tubular Lieberkühn in alveolar sac-like in skin of frog 
the ileum of construction 
higher vertebrates 
E 
Fundic region 
of stomach 
Simple coile:! Sweat glands Simple branched Sebaceous glands 
tubular in Man alveolar in mammalian 
skin 
Simple branched Fundic region of Compound Exocrine parts 
tubular | stomach alveolar of pancreas 
| Brunner's glands in Mammary gland 
| mammalian small 
| intestine 
| 
| 
= | — 
Compound | Brunner’s glands Compound Submaxillary 
tubular | in mammal tubular-alveolar glands 
Salivary glands Mammary glands 


many branched ducts 
possessing a mixture of 
tubular and alveolar 
secretory portions 


Table 8.3 Different forms of multicellular exocrine glands. 


Salivary glands 


Cn 


Table 8.4 Types of connective tissue. 


loose connective —————— ———— — — — — — areolar 


tissue i 
white fibrous 
dense fibrous — ————7 : 
connective tissue yellow elastic 
VA 
connective 
tissue dentine 
hvali 
cartilage yell lastic 
skeletal white ‘ibrous 
spon 
bone «nen ne 
com 
myeloid bloo« 
aemopoietic $< 
lymphatic lymp! 
cartilage, and in addition it binds other tissues together, for macrophage ground fibroblast elastin bundle of 


fibre collagen 
libres 


substance 


example the skin with underlying structures, or the 
epithelia of mesenteries. This tissue also forms sheaths 
around the organs of the body, separating them so that they 
do not interfere with each other's activities, as well as 
embedding and protecting blood vessels and nerves where 
they enter or leave organs. Connective tissue is a composite 
Structure made up of a variety of cells developed from 
mesenchyme originating in the embryonic mesoderm, 
several types of fibre which are non-living products of the 
cells, and a fluid or semi-fluid intercellular matrix consist- 
ing of hyaluronic acid, chondroitin, chondroitin sulphate 
and keratin sulphate. 

The cells are usually widely separated from each other 
and their metabolic needs relatively small. An extensive 
vascular network is often present in various parts of the 
body (as in the dermis of the skin) but this is primarily 
concerned with supplying other structures, such as the 
epithelium, with oxygen and nutrients rather than the 
connective tissue itself. Connective tissue may be subdi- 
vided into a number of types as indicated in table 8.4. 

This tissue fulfils many functions other than packing and 
binding other structures together, such as providing 
protection against wounding or bacterial invasion (areo- 
lar), insulation of the body against heat loss (adipose), 
providing a supportive framework for the body (cartilage 
and bone) and producing blood (haemopoietic tissue). 


8.4.1 Loose connective tissue 


This tissue contains cells widely dispersed in 
intercellular material and has fibres loosely woven in a 
random manner. 


Areolar 


Areolar tissue possesses a transparent semi-fluid matrix 
which contains a mixture of mucin, hyaluronic acid and d 
chondroitin sulphate. Scattered throughout are numerous Fig 8.21 Loose areolar tissue 
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wavy bundles of collagen fibres and a loose anastomosing 
network of thin straight fibres of elastin (fig 8.21). Collagen 
fibres are flexible but inelastic whilst elastin fibres are 
flexible and elastic. Together the fibres endow the tissue 
with considerable tensile strength and resilience. Very fine 
and thread-like reticular fibres are present, located around 
blood vessels and nerves, and form the connective tissue 
covering around muscle fibres. It is thought that reticular 
fibres may be immature collagen fibres. Interspersed in the 
matrix arc aà variety of different cell types. They include 
fibroblasts, macrophages, mast cells, plasma cells, 
chromatophores, fat and mesenchyme cells. Fibroblasts 
are the cells which produce the fibres. They are flattened 
and spindic-shaped and contain an oval nucleus. Generally 
they lie closely applied to the fibres they synthesise, but can 
migrate towards wounded tissue and secrete more fibres in 
this regios to effectively seal off the injured area. 
Macrophages (histiocytes) are polymorphic cells capable of 


amoeboid locomotion, which engulf bacteria or other 
foreign particles. Generally they are immobile, but at times 
cells wander to areas of bacterial invasion and therefore 
provide à means of defence for the body. Together with the 
reticular cells of the lymphatic system they comprise the 


reticulo-endothelial system of the body (section 14.11.2). 
Mast cells are oval-shaped, small and contain granular 
cytoplasm. | hey secrete the matrix as well as heparin and 
histamine. and are found in abundance close to blood 
vessels. Heparin is an anticoagulant present in all mamma- 
lian tissues. It neutralises the action of thrombin, 
preventing the conversion of prothrombin to thrombin. 
Histamine is released from tissues when they are injured or 
disrupted in any way. It causes vasodilation, contraction of 
smooth muscle and stimulates gastric secretion. Plasma 


Fig 8.22 White fibrous tissue 


cells are rare and are the products of mitotic cell division by 
migratory lymphocytes. When present they produce 
antibodies which are important components of the body’s 
immune system (section 14.14). Chromatophores are 
present in specialised areas, such as the skin and the eye. 
The cells are much branched and densely packed with 
melanin granules. Each fat cell contains a large lipid 
droplet which fills the bulk of the cell. The cytoplasm and 
nucleus are confined to the margins. Mesenchyme cells act 
as a reserve of undifferentiated cells for the tissue. They 
can be stimulated to transform into one of the above cell 
types as the need arises. 

Areolar tissue is found around all the organs of the body, 
it connects the skin to the structures below, and binds 
sheets of epithelia to form mesenteries. It also ensheathes 
blood vessels and nerves where they enter or leave organs. 
8.4.2 Dense (compact) fibrous connective 
tissue 


This tissue has more fibres situated in the 
matrix than cells. The fibres may be irregularly arranged, 
or orientated such that the individual fibres lie more or less 
parallel to each other. 


White fibrous 


This is a tough, shiny tissue composed of numerous highly 
organised bundles of collagen fibres closely packed 
together and running parallel to each other (fig 8.22). Rows 
of fibroblasts are interspersed among the collagen and run 
alongside the bundles. Each bundle is bound to its 
neighbours by areolar tissue. The tissue is strong, flexible, 
yet inextensible and its tensile strength is achieved by the 
presence of collagen. Each strand of collagen possesses 


fibrocyte 


bundle of 
collagen fibres 
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elastin fibre 


three chains of tropocollagen plaited together as in a rope 
(section 5.5.3). The fibres are precisely organised so that 
they run parallel to the lines of stress which are encoun- 
tered as a result of the functions carried out by the 
structures containing collagen. 

White fibrous tissue is abundant in tendons, some 
ligaments, the sclerotic and cornea of the eye, the kidney 
capsule, and the perichondrium and periosteum of cartil- 
age and bone respectively. 


Yellow elastic 

In contrast to white fibrous tissue, this possesses a loose 
network of irregularly arranged branched yellow elastic 
fibres (fig 8.23). The fibroblasts are randomly scattered 
throughout the matrix and some fine collagen fibres are 
also present. The elastic fibres endow the tissue with 
elasticity and flexibility and the collagen gives it strength. 
The tissue is located in ligaments, the walls of arteries, as a 
component of the lung and associated air passages, and in 
the great cords of the neck. 


8.4.3 Adipose tissue 


This tissue has no specific matrix of its own and 
is really areolar tissue containing large numbers of fat cells 
arranged into lobules. Each cell is filled almost entirely by a 
central fat droplet which squeezes the cytoplasm and 
nucleus to the periphery (fig 8.24). 

In mammals, adipose tissue is found in the dermis of the 
skin, the mesenteries, and around the kidneys and heart. It 
provides a considerable energy reserve, acts as a shock 
absorber, and insulates against heat loss. 


8.4.4 Skeletal tissues 


Cartilage 


Cartilage is a connective tissue consisting of cells em- 
bedded in a resilient matrix of chondrin. The matrix is 
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Fig 8.23 (above) Yellow elastic tissue 
Fig 8.24 (below) Adipose tissue 


E septum of 


connective 
tissue 


nucleus 


within 
adipose 
cell 


collagen 
fibres 


lacuna chondrocyte hyaline 


matrix 


fibrocyte 


deposited by cells called chondroblasts and possesses many 
fine fibrils svostly made up of collagen. Eventually the 
chondrob\as's become enclosed in spaces called lacunae. In 
this condition they are termed chondrocytes. The margin of 
à piece of c ige is enclosed by a dense layer of cells and 


fibrils called the perichondrium. From here new chondro- 
blasts are produced, which are constantly added to the 
internal matrix of the cartilage. 

Cartilage is a hard but flexible tissue. It is highly adapted 
to resist any strains that are placed upon it. The matrix is 
compressible and elastic and is able to absorb mechanical 
Shocks such as frequently occur between the articular 
Surfaces of bones. The collagen fibrils resist any tension 
which may be imposed on the tissue. 

Three types of cartilage are recognisable. For each type 
the organic components of the matrix are quite distinct. 


Hyaline cartilage (fig 8.25). The matrix is a 
Semi-transparent material consisting of chondroitin sul- 
phate and frequently fine collagen fibrils. The peripheral 
chondrocytes are flattened in shape whereas those situated 
internally are angular. Each chondrocyte is contained in a 
lacuna, and each lacuna may enclose one, two, four or eight 
chondrocytes. 

Unlike bone, no processes extend from the lacunae into 
the matrix, neither are there blood vessels in this area. All 
exchange of materials between the chondrocytes and the 


chondrocyte 


capsule 


yellow 
clastic 


lacuna 


Fig 8.25 (left) Hyaline cartilage 
Fig 8.26 (above) Elastic cartilage 


matrix occurs by diffusion. 

Hyaline cartilage is an elastic, compressible tissue 
located at the ends of bones, in the nose and air passages of 
the respiratory system and in parts of the ear. It is the only 
type of skeletal material found in elasmobranchs and forms 
the embryonic skeleton in bony vertebrates. 


Yellow elastic cartilage (fig 8.26). The mat- 
rix is semi-opaque and contains a network of yellow elastic 
fibres. They confer greater elasticity and flexibility than is 
found in hyaline cartilage and permit the tissue to quickly 
recover its shape after distortion. It is located in the 
external ear, eustachian tube, the epiglottis and cartilages 
of the pharynx. 


White fibrous cartilage (fig 8.27). This con- 
sists of large numbers of bundles of densely packed white 
collagen fibres embedded in the matrix. This provides 
greater tensile strength than hyaline cartilage, as well as a 
small degree of flexibility. White fibrous cartilage is located 
as discs between adjacent vertebrae (intervertebral discs) 
where it provides a cushioning effect. It is also found in the 
symphysis pubis (the region between the two pubic bones 
of the pelvis) and the ligamentous capsules of joints. 


Bone 
Bone is the most abundant of all animal skeletal materials 
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chondrocyte collagen 


fibres 


Fig 8.27 White fibrous cartilage 


providing supportive, metabolic and protective functions 
for those possessing it. It is a calcified connective tissue 
made up of cells embedded in a firm matrix. About 3096 of 
the matrix is composed of organic material consisting 
chiefly of collagen fibrils, whilst 70% is inorganic bone 
salts. The chief inorganic constituent of bone is hydroxy- 
apatite, Ca, (PO,),( OH);, but sodium, magnesium, potas- 
sium, chloride, fluoride, hydrogencarbonate and citrate 
ions are also present in variable amounts. 

Bone cells, called osteoblasts, are contained in lacunae 
which are present throughout the matrix. They lay down 
the inorganic components of bone. Fine canals containing 
cytoplasm connect the lacunae to each other and blood 
vessels passing through them provide the means by which 
osteoblasts exchange materials. 

The structure of bone is specially designed to withstand 
the compression strains falling upon it and to resist tension. 
When the bone fibrils are laid down they are impregnated 
by apatite crystals. This arrangement provides maximum 
strength for the bone. 

Bone resorption and reconstruction processes enable a 
particular bone to adapt its structure to meet any change in 
the mechanical requirements of the animal during its 
development. Calcium and phosphate may be released into 
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the blood as needed, under the control of two hormones, 
parathormone and calcitonin (sections 16.6.4 and 16.6.5), 


Compact or dense bone (fig 8.28). A trans- 
verse section of compact bone shows it to consist of 
numerous cylinders of concentric bony lamellae each 
surrounding a central Haversian canal. One such cylinder 
plus its canal is termed an Haversian system or osteon, 

Interspersed between the lamellae are numerous lacu- 
nae containing living bone cells called osteoblasts. Each cell 
is capable of bone deposition. Its cytoplasm possesses a 
well-defined rough endoplasmic reticulum and Golgi 
apparatus and is rich in RNA. When osteoblasts are not 
active they are termed osteocytes. In this condition they 
contain reduced quantities of cell organelles and often 
store glycogen. If structural changes in the bone are 
required they are activated and quickly differentiate into 
osteoblasts. 

Radiating from each lacuna are many fine channels 
called canaliculi containing cytoplasm which may link up 
with the central Haversian canal, with other lacunae or pass 
from one lamella to another. 

An artery and a vein run through each Haversian canal, 
and capillaries branch from here and pass via the canaliculi 
to the lacunae of that particular Haversian system. They 
facilitate the passage of nutrients, metabolic waste and 
respiratory gases towards and away from the cells. A 
Haversian canal also contains a lymph vessel and nerve 
fibres tightly packed with areolar tissue. Transverse 
Haversian canals communicate with the marrow cavity and 
also interconnect with the longitudinal Haversian canals. 
These contain larger blood vessels and are not encircled by 
concentric lamellae. 

At the outer and inner surfaces of the bone the lamellae 
are not in the form of concentric cylinders but are 
orientated circumferentially over it. The canals of Volkman 
ramify these areas. The canals contain blood vessels which 
pass through them to link with those in the Haversian 
canals. 

The matrix of compact bone is composed of bone 
collagen, manufactured by the osteoblasts, and hydroxy- 
apatite together with quantities of magnesium, sodium, 
carbonates and nitrates. The combination of organic with 
inorganic material produces a structure of great strength. 
The lamellae are laid down in a manner that is suited to the 
forces acting upon the bone, and the load that has to be 
carried. 

Covering the bone is a layer of dense connective tissue 
called the periosteum. Bundles of collagen fibres called 
Sharpey-Schafer fibres from the periosteum pierce the 
bone and provide an intimate connection between the 
underlying bone and periosteum and act as a firm base for 
tendon insertions. The inner region of the periosteum is 
vascular and forms a layer which contains undifferentiated 
potential osteoblasts. 


Spongy or trabecular bone (fig 8.29). 
Spongy bone consists of a meshwork of thin, interconnect- 


(a) lamella Haversian canal 


osteocyte trabeculae 


lacuna — containing 
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Fig 8.29 Spongy bone 


ing bony struts called trabeculae. Its matrix contains less 
inorganic material (60-65%) than compact bone, The 
organic material is primarily composed of collagen fibres. 
The spaces between the trabeculae are filled with soft 
marrow tissue. If the marrow is red, as at the epiphyses of 
long bones such as the femur, the cells are predominantly 
red blood cells, whereas if it is yellow, as in the diaphyses of 
lacuna- long bones, the cells are primarily fat cells. Three different 
containing types of cell appear to be present in spongy bone, which 
osteocyte may be three different functional stages of the same cell 
type. These are osteoblasts which synthesise the spongy 
bone, osteocytes which are resting osteoblasts, and osteo- 
clasts which can resorb the calcified matrix. 

The trabeculae are orientated in the direction in which 
the bone is stressed. This enables the bone to withstand 
tension and compression forces effectively whilst at the 

Fig 8.28 (a) Part of a transverse section of a long bone. same time keeping the weight of the bone to a minimum. 
(b) TS Haversian system. The presence of large numbers of Spongy bone occurs in the embryo, growing organisms, 


cnn provides the bone with great strength despite its light and the epiphyses of long bones. 


lamellae 


canaliculi 


Volkman’s canal 


Membrane or dermal bone (fig 8.30). Such 
bones have no cartilage forerunner but are formed directly 
by intramembranous ossification in the dermis of the skin. 
Aggregations of osteoblasts appear in this region and form 
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Fig 8.30 Development of dermal bone 


Bone 


initial surface >- 


rows of cells which manufacture bone trabeculae, In this 
way, flat bony plates are produced very close to the surface 
of the body. They increase in size when more bone is 
deposited on their inner and outer surfaces, and then may 
sink further into the body to become part of the Skeleton, 
Membrane bones form components of the skuil, jaws and 
pectoral girdle. 


8.4.5 Dentine 


The composition of dentine (commonly called 


ivory) is very much like that of bone. However ': contains a 
higher inorganic content (75%) and is cou 'equently 
harder. Dentine contains no lacunae or osteo. and the 
arrangement of osteoblasts is quite different |^ in that in 
bone (fig 8.31). In dentine they are confined to ti dentinal 
inner margins and perforate the matrix with many 


odontoblastic processes which contain micro:: bules, and 
frequently blood vessels and nerve endi nsitive to 
touch and low temperatures. Collagen fibres. manufac- 


tured and laid down at the apices of the processes 
ultimately become calcified by impregnation wiih apatite 
crystals to form new dentine. Dentine is locate.) between 
the enamel and pulp cavity in teeth, above and «iow gum 
level. 
8.4.6 Haemopoietic tissue 

Haemopoietic tissue forms red sod white 
blood cells and is located in the red bone mstrow and 
lymphoid tissue of adult mammals. Bone marrow or 
myeloid tissue produces red blood cells and granulocytes, 


Dentine 


canaliculi 


Fig 8.31 Comparison of growth in bone and dentine (Modified after John Currey (1970) Animal Skeletons, 
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cells remain close to surface, they do not get 
trapped; they remain separate from each other 
but leave processes behind in the dentine 


Arnold.) 


whilst lymphocytes and monocytes are differentiated in 
lymphoid tissue. Haemopoietic tissue consists of free cells 
enmeshed in a stroma of loose scleroprotein fibres, often 
termed reticular connective tissue. 


Bone marrow/myeloid tissue 


The stroma here consists of very loose, reticular connective 
tissue permeated by wide intercellular spaces. It is 
traversed by numerous thin-walled, wide blood sinuses 
through which mature blood cells escape into the blood- 
stream. Lining the sinuses are phagocytic cells which form 
part of the body’s reticulo-endothelial system. 

^ It is thought that all blood cells are derived from 
primitive ce called haemocytoblasts which in turn 
differentiate into erythroblasts, the precursors of erythro- 
cytes, myclocytes, the precursors of granulocytes, lym- 
phoblasts, (he precursors of lymphocytes, monoblasts, the 
precursors of monocytes, and megakaryocytes which 
produce platelets. 

Further details of the structure and functions of these 

cells can be found in section 14.11. 


H 


Table 8.5 Th 


Lymphoid tissue 

This is responsible for the differentiation of lymphocytes. 
Three types of the tissue exist: loose lymphoid tissue, where 
the stroma of reticular connective tissue predominates over 
the free cells, dense lymphoid tissue, where there are many 
more free cells embedded in the stroma, and nodular 
lymphoid tissue, which possesses dense aggregates of free 
cells. 

The free cells are composed primarily of lymphocytes of 
various sizes and functions. There are also plasma cells 
present which have developed from lymphocytes, and 
occasionally monocytes and eosinophils are evident, Some 
of the cells are phagocytic. Further details of the lymphatic 
system are given in section 14.12.1. 


8.5 


Muscle tissue 


Muscle tissue makes up 40% of a mammal's 
body weight. It is derived from embryonic mesoderm and 
consists of highly specialised contractile cells or fibres held 


similarities and differences between voluntary, involuntary and cardiac muscle. 


Features Voluntary 


Involuntary 


Cardiac 


Other names Striated, striped, skeletal 


Specialisation Most highly specialised 


Structure 
subdivided into units called sarco- 
meres. Fibres bound together by or sheets 
vascular connective tissue. 
Nucleus Several in variable positions near 
periphery of fibre 
Cytoplasmic Mitochondria in rows in periphery 
contents and between fibres, prominent SER 
forming network of tubules, T- granules 
system well developed, glycogen 
granules and some lipid droplets 
Sarcolemma Present Absent 


Myofilaments/ Very conspicuous, length 1-40 mm, 
myofibrils diameter 10-60 um 
Innervation Under control of the voluntary 


nervous system via motor nerves 
from the brain and spinal cord 


Unstriated, unstriped, smooth 
Least specialised 


Very long cells, usually called fibres, Consists of individual, spindle- 
shaped cells, associated in bundles 


Single, elongated in shape and 
centrally placed 


Prominent mitochondria, individual 
tubules of the SER, glycogen 


Inconspicuous, length 0.02-0.5 mm, 
diameter 5-10 jum 


Shows sustained rhythmical 


Heart 
More specialised than involuntary 


Cells terminally branched and 
connected to each other by special 
interdigitating surface processes, the 
intercalated discs. Arrangement of 
fibres is three-dimensional, 


Several centrally placed 


Numerous large mitochondria in 
columns between cells, poorly 
developed SER consisting of network 
of tubules, T-system well developed 


Present 


Conspicuous, length 0.08 mm or less, 
diameter 12-15 um 


Under control of autonomic nervous Myogenic, but rate of contraction can 
system (neurogenic) 


be influenced by the autonomic 
nervous system 


Present 


Present 


Rapid rhythmical contraction and 


contraction and relaxation, as in 


(neurogenic) 
Cross striations Present Absent 
Intercalated Absent Absent 
dises 
Activity Powerful, rapid contractions, short 
refractory period, therefore fatigues tracti 
quickly peristalsis 
Location Attached to the skeleton in the 


trunk, limbs and head 


In walls of intestinal, genital, 
urinary and respiratory tracts, and 
the walls of blood vessels 


relaxation, long refractory period, 
therefore does not fatigue; contraction 
not sustained 


Found only in the walls of the heart 
chambers 


SER - Smooth endoplasmic reticulum. 


together by connective tissue. Three types of muscle are (à 
present in the body, classified according to their method of 
innervation and they are voluntary (striated), involuntary 
(unstriated) and cardiac. Table 8.5 shows the main points 

of similarity and difference between them. Further details 
can be found elsewhere in sections 14.12 and 17.4. (Also 
see figs 8.32-4.) 


8.6 


Nervous tissue 


Nervous tissue is derived from embryonic 
mesoderm. It is composed of densely packed intercon- 
nected nerve cells called neurones (as many as 10!” in the 
human brain), specialised for conduction of nerve im- 
pulses, and accessory neuroglial cells. There is little 
intercellular space between them. Nervous tissue also 
contains receptor cells, and is frequently ensheathed by 
vascularised connective tissue. 


8.6.1 Neurones 


These are the functional units of the nervous 
system. Neurones are excitable cells, that is they are 
capable of transmitting electrical impulses, and this 
provides the means of communication between receptors 
(cells or organs which receive stimuli, such as the sensory 
cells in the skin) and effectors (tissues or organs which react 
to stimuli, such as muscles or glands). Neurones which 
conduct impulses towards the central nervous system (the 
brain and spinal cord) are called afferent or sensory 
neurones, whilst efferent or motor neurones conduct 
impulses away from the central nervous system. Internun- 
cial, intermediate, relay or association neurones frequently 
interconnect afferent neurones with efferents. The struc- 
ture of these neurones is shown in fig 8.35. 

Each neurone possesses a cell body (perikaryon) 
3-100 um in diameter (fig 8.35), which contains a nucleus, 
the majority of the cell’s other organelles embedded in a 
mass of cytoplasm, and a variable number of cytoplasmic 
processes extending from it. The arrangement of these 
processes forms the basis of one means of classifying 
neurones (fig 8.36), there being uni-, pseudouni-, bi-, and 
multipolar neurones. Processes which conduct impulses 
towards the cell body are called dendrons. They are small, 
relatively wide, and break up into fine terminal branches. 
Processes conducting impulses away from the cell body are 
termed axons or nerve fibres and may be several metres 
long. They are thinner than dendrons. 

The terminal region of an axon is neurosecretory and 
breaks up into many fine branches with swollen endings. It 
communicates with adjacent neurones at sites called 
synapses which may be excitatory or inhibitory (section 
16.1.2). The bulbous endings possess small vesicles 
containing transmitter substance (acetylcholine or nor- 
adrenaline) and many mitochondria, for these regions are 
extremely active metabolically. Nissl's granules, which are 


244 


striped 
muscle 
fibre 


peripheral 
nucleus 


sarcolemma 


spaces 
filled 

with 
connective 
lissue 


striations 


nucleus 


" —striped 
, muscle 
MA a TY fibril 


Doom NAA AN 


UT UAN A M 
Fig 8.32 (a) TS and (b) LS of voluntary (striped) muscle 


nucleus 


smooth 
muscle 
fibre — 
relaxed 


Fig 8.33 LS involuntary (smooth) muscle 


striations 


intercalated 
disc 


nucleus 


cardiac 
muscle 
fibre 


Fig 8.34 Section of cardiac muscle 


groups of ribosomes associated with protein synthesis, and 
Golgi apparatus are present in the cell body (fig 8.37). 
Microtubules, neurofibrils, rough endoplasmic reticulum 
and mitochondria are present throughout the axoplasm of 
the neurone. 

Nerve fibres may be myelinated (as, for example, in 
cranial and spinal nerves) or non-myelinated (as in 
autonomic nerves). In the former case, the fibres are 
completely surrounded by a fatty myelin sheath formed by 
many satellite Schwann cells. The sheath is constricted at 
intervals along its length by nodes of Ranvier (fig 8.35). One 
Schwann cell nucleus is visible in the sheath between a pair 
of nodes. Surrounding the sheath is a tough inelastic 
membrane, the neurilemma. 


Non-myelinated fibres do not possess nodes of Ranvier, 
and are incompletely enclosed by a Schwann cell (fig 8.38). 
Indeed there may be up to nine fibres partially shrouded by 
a single Schwann cell. 


8.6.2 Nerves 


These consist of bundles of nerve fibres 
ensheathed in connective tissue called the epineurium. 
Inward extensions of the epineurium, called the 
perineurium, divide the fibres into smaller bundles, whilst 
each fibre is itself surrounded by connective tissue called 
the endoneurium (fig 8.39). Nerves are classified according 
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Fig8.35 Schematic representation of (a) sensory neurone, (b) motor neurone, (c) internuncial neurone, (d) section of myelinated 
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Fig 8.37 Neurone with synapses 


Fig 8.39 TS myelinated nerve 
246 


to the direction in which they convey impulses. Sensory or 
afferent nerves convey impulses into the central nervous 
system (such as the olfactory, optic and auditory nerves), 
whilst efferent or motor nerves conduct impulses away 
from the central nervous system (as in the oculomotor, 
pathetic and abducens). Mixed nerves convey impulses in 
both directions (for example the trigeminal, facial, 
glossopharyngeal, vagus and all spinal nerves). 


8.6.3 Neuroglia 

These cells are ten times more numerous than 
neurones i»! are found packed around the neurones 
throughout the central nervous system, thus supporting 
them mechanically by filling up the majority of inter- 
neurone spaco it is thought that their metabolic activity is 
closely allicd to that of the neurones they surround and that 
they might be .avolved in the memory processes by storing 


astrocyte 


information in the form of an RNA code. They may also 
nourish the cytoplasmic extensions of neurones. Satellite 
neuroglia, called Schwann cells, synthesise the myelin 
sheath of myelinated nerve fibres whilst others are 
phagocytic in function. The different kinds of neuroglial 
cells are classified as follows. Ependymal cells line the 
brain cavities and spinal canal and form an epithelial layer 
in the choroid plexus. They serve to connect the cavities 
with underlying tissues (section 16.2.4). Macroglia are 
divided into two categories, astrocytes and oligodendro- 
cytes. Protoplasmic astrocytes are located in the grey 
matter (fig 8.40). Numerously branched, short thick 
processes radiate from the cell body which contains an 
ovoid nucleus and much glycogen. Fibrous astrocytes are 
located in the white matter. Fewer branched, long 
processes radiate from the cell body which itself possesses 
an ovoid nucleus and much glycogen. Some of the branches 
actually abut upon the walls of blood vessels. These cells 
convey nutrients from the bloodstream to the neurones. 
Both types of astrocytes are interconnected forming an 
extensive three-dimensional meshwork in which the 
neurones are embedded. They also divide frequently to 
form scar tissue if the central nervous system is injured. 

Oligodendrocytes are located in grey and white matter. 
They are smaller than astrocytes and the single nucleus is 
spherical. Fewer, finer branches radiate from the cell body, 
which itself contains cytoplasm rich in ribosomes. Schwann 
cells are specialised oligodendrocytes which synthesise the 
myelin sheath of myelinated fibres. 

Microglia are located in grey and white matter but are 
more numerous in the grey. A thick process arises from 
each end of the small, elongated cell body which itself 
contains lysosomes and a well-developed Golgi apparatus. 
All branches possess further lateral branches. When the 
brain is damaged these cells are stimulated to become 
phagocytic and move around in amoeboid fashion to 
combat invasion of foreign particles. 


Fig 8.41 Neurones and glial cells in human cortex 
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Chapter Nine 


Autotrophic nutrition 


In chapters 9-11 we shall be concerned with living 


organisms onsumers of food, that is energy and 
materials. 7%- process of acquiring energy and materials is 
called nutrition and this is the theme of chapters 9 and 10. 
In chapter respiration is considered, the process 
whereby orparisms release energy from the energy-rich 
compound juired by nutrition. 

Energy can neither be created nor destroyed (the law of 


nergy). It may occur in various forms, such 
ical, heat, electrical, mechanical and sound, 
- converted from one form to another, that 


conservation 
as light, chy 
and these c 


is they ar: rconvertible. A simple example would be 
striking à maich, where, in the matchhead, chemical 
energy is < erted to heat, light and sound energy. 
Energy may be defined as the capacity to do work. All 
living orga s may be regarded as working machines 
which requite a continuous supply of energy in order to 
keep worl ind so to stay alive. This energy is required 
in order to y out a variety of vital processes. The forms 
of work include: 
chemical systhesis of substances for growth and repair; 


rt of substances into and out of cells; 
mission of nerve impulses; 


active trans; 
electrical t 


mechanical contraction of muscles (movement); 
maintenance of a constant body temperature in birds and 
mammals; 


bioluminescence (that is the production of light by living 
Organisms, such as fireflies, glow-worms and some deep sea 
animals); 

electrical discharge, as in the electric eel. 


9.1 


Grouping of organisms according 
to their principal sources of 
energy and carbon 


Living organisms can be grouped on the basis 
of their source of energy or source of carbon. Carbon is the 
Most fundamental material required by living organisms 
(section 5.1.1) 


Energy source 
Despite energy existing in several forms, only two are 
Suitable as energy sources for living organisms, namely 
light and chemical energy. Organisms utilising light energy 
to synthesise their organic requirements are called photo- 
trophs or phototrophic (photos, light; trophe, nourish- 
ment), while those utilising chemical energy are called 
chemotrophs or chemotrophic. Phototrophs are character- 


ised by the presence of pigments, including some form of 
chlorophyll, which absorb light energy and convert it to 
chemical energy, An alternative term for the process of 
phototrophism is photosynthesis. 


Carbon source 


In this alternative grouping organisms which have an 
inorganic source of carbon, namely carbon dioxide, are 
called autotrophs or autotrophic (autos, self) and those 
having an organic source of carbon are called heterotrophs 
or heterotrophic (heteros, other). Unlike heterotrophs, 
autotrophs synthesise their own organic requirements from 
simple inorganic materials. 

Table 9.1 summarises the groupings and shows how they 
interact. An important principle to emerge is that chemo- 
trophic organisms are totally dependent on phototrophic 
organisms for their energy, and heterotrophic organisms 
are totally dependent on autotrophic organisms for their 
carbon. 

By far the most important groups are the photoauto- 
trophic organisms, including all green plants, and the 
chemoheterotrophic organisms, including all animals and 
fungi. Ignoring a few bacteria the position is simplified by 
saying that heterotrophic organisms are ultimately depen- 
dent on green plants for their energy and carbon. 
Photoautotrophic organisms are sometimes described as 
holophytic (holos, whole; phyton, plant). 


9.1 Define photoautotrophism and 
chemoheterotrophism. 


In ignoring the two minor groups, it should be stressed that 
the activities of the chemosynthetic organisms are of great 
importance, as will be shown in sections 9.10 and 9.11. 

A few organisms do not fit neatly into these groups. 
Euglena, for example, is normally autotrophic, but some 
species can survive heterotrophically in darkness if an 
organic carbon source is present. Fig 9.1 illustrates further 
the relationship between the two main nutritional categor- 
ies. It also illustrates how energy flows and carbon is cycled 
through living organisms and the environment, themes 
which are important in ecology (chapter 12). 

In the carbon cycle, the carbon is released as carbon 
dioxide by respiration and converted to organic com- 
pounds by photosynthesis. Further details of the carbon 
cycle, including the role of chemosynthetic organisms, are 
shown in fig 9.2. 
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Fig 9.1 (above) Flow of energy (open arrows) and cycling of 
carbon (solid arrows) through photoautotrophs and 
chemoheterotrophs, and balance between photosynthesis and 
respiration. Light energy is converted to chemical energy in 
photosynthesis and used in the synthesis of organic materials 
from inorganic materials. Organic materials form the energy 
and carbon source for chemoheterotrophs and are released 
again in the process of respiration (also carried out by plants). 
Every energy conversion is accompanied by some loss of 
energy as heat 


9.2 Examine fig 9.2. Which nutritional 
categories are indicated by (a) the darker back- 
ground shading and (b) the white background? 

9.3 What is the total natura! annual 
productivity (turnover) of carbon in the carbon cycle? 


9.2 Photosynthesis 

Table 9.1 shows that there are two types of 
photosynthetic organisms, photoautotrophs snd photo- 
heterotrophs. The majority of these organisms are photo- 
autotrophs and it is these that will be studied in detail in 
this chapter. 
9.2.1 Importance of photosynthesis 

All life on Earth depends on photosynthesis, 
either directly or, as in the case of animal indirectly, 
Photosynthesis makes both carbon and energy available to 
living organisms and produces the oxygen ir ihe atmos- 
phere which is vital for all aerobic forms of life. Man also 


depends on photosynthesis for the energy-con; ning fossil 
fuels which have developed over millions o! years. One 
recent estimate of the annual fixation of carbon (sot carbon 
dioxide) by photosynthesis is 75 x 1012 kg year ~! (fig 9.2). 
Of the total amount of solar radiation intercepted by our 
planet, about half reaches its surface after ‘sorption, 
reflection and scattering in the atmosphere. C! this, only 
about 25% is of the right wavelength to stimulate 
photosynthesis and, although estimates vary is likely 
that only about 0.4% of this is used in net plant production 
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Table 9.1 Grouping of living organisms according to principal sources of carbon and energy. 


CARBON SOURCE 


AUTOTROPHIC HETEROTROPHIC 

= use carbon dioxide (inorganic) use organic source of carbon 

PHOTOTROPHIC PHOTOAUTOTROPHIC PHOTOHETEROTROPHIC 
B (PHOTOSYNTHETIC) all green plants, blue-green algae and few organisms, e.g. some 
z use light energy green and purple sulphur bacteria purple non-sulphur bacteria 
Q CHEMOAUTOTROPHIC CHEMOHETEROTROPHIC 
> i (CHEMOSYNTHETIC) 
[6] -HEMOTROPHIC a few bacteria, e.g. all animals and fungi, 
E use chemical energy Nitrosomonas and some other nitrogen most bacteria, 
Z, cycle bacteria some parasitic flowering plants, 
a] e.g. dodder (Cuscuta) 
NB Majorit living organisms occur in photoautotrophic and chemoheterotrophic categories. 
(about 1% he energy actually reaching plants). From 
this small í ion of the available energy virtually all life is 9.4 What advantages would production 
Bi ained. of hydrogen fuel by the action of light on water have 

One pote: ally important use of photosynthesis is as an over nuclear power? 
alternativ urce of energy to our depleting natural 
reserves o! oi! and gas, Attempts are currently being made 
to mimic the early stages of the photosynthetic process in 
plants whereby water is split into hydrogen and oxygen 9.3 The structure of the leaf 
using light (solar) energy. Hydrogen could be burned as a 
fuel, and the waste material would be water. This system In higher plants the major photosynthetic 
would therefore provide an attractive alternative or organ is the leaf. As with all living organs, structure and 
supplement to nuclear and other forms of energy. function are closely linked. From the equation for 
Research into photosynthesis is also of great importance photosynthesis 

in agriculture because, as the figures above suggest, there is 


great scope for improving the efficiency of crop plants. New 
sources of food are being produced from micro-organisms 
such as algae and photosynthetic bacteria which are often 
more efficient as ‘crops’. If grown on sewage or industrial 
waste, these substances could be purified or made use of at 
the same time as food is produced. 


Fig 9.2 (left) The carbon cycle. Heavy arrows indicate the 
dominant of the two pathways. Some rough estimates of 
actual quantities involved: 

Oceans (mainly phytoplankton): 40 x 10" kg carbon per year 
fixed as carbon dioxide by photosynthesis. Most of this 
is released in respiration 

Land: 35 x 10" kg carbon per year fixed as carbon dioxide 
by photosynthesis 
10 x 10" kg carbon per year released as carbon 
dioxide by respiration of plants and animals 
25 x 10" kg carbon per year released as carbon 
dioxide by respiration of decomposers — 
5 x 10"? kg carbon per year released as carbon dioxide 
by burning of fossil fuels, enough to be causing a 
gradual increase in carbon dioxide concentration in 
atmosphere and oceans 


sunlight 3 
chlorophyll (CH;O), + O; 


carbohydrate oxygen 


CO, + H,O 
carbon water 
dioxide 


it can be deduced that first the leaf requires a source of 
carbon dioxide and water, secondly it must contain 
chlorophyll and be adapted to receive sunlight, thirdly 
oxygen will escape as a waste product and finally the useful 
product, carbohydrate, will have to be exported to other 
parts of the plant or stored. In its structure the leaf is highly 
adapted to satisfy these requirements. Figs 9.3 and 9.4 
show labelled photomicrographs of leaf sections which will 
aid you in interpreting sections of monocotyledonous and 
dicotyledonous leaves. Fig 9.5 is a simplified drawing of a 
vertical section through a dicotyledonous leaf. The 
epidermis of different leaf types are shown in fig 8.2 and 
details of stomatal structure and function are dealt with in 
chapter 14. 

The structure and function of different tissues in a 
dicotyledonous leaf are summarised in table 9.2. 


9.5 Make a list of the ways in which the 
structure of the leaf contributes to its successful 
functioning. 
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Table 9.2 Structure and function of tissues in a dicotyledonous leaf. 


Tissue Structure Function 
Upper and One cell thick. Colourless flattened cells. External walls Protective. 
lower covered with a cuticle of cutin (waxy substance). Cutin is waterproof and protects from desiccation and 
epidermis Contains stomata (pores) which are normally confined infection. 
to, or more numerous in, the lower epidermis. Each stoma Stomata are sites of gaseous exchange with the env ironment, 
is surrounded by a pair of guard cells. Their size is regulated by guard cells, specia! epidermal cells 
containing chloroplasts. 
Palisade Column-shaped (‘palisade’) cells with numerous chloro- Main photosynthetic tissue. Chloroplasts may move towards 
mesophyll plasts in a thin layer of cytoplasm. light. 
Spongy Irregularly shaped cells fitting together loosely to leave Photosynthetic, but fewer chloroplasts thar sade cells. 
mesophyll large air spaces. Gaseous exchange can occur through the large «ir spaces via 
stomata. 
Stores starch. 
Vascular Extensive finely branching network through the leaf. Conducts water and mineral salts to the lea! ylem. 
tissue Removes products of photosynthesis (main| rose) in 
phloem. Provides a supporting skeleton to the ‘amina, aided 
by collenchyma of the midrib, turgidity of t esophyll 


cells, and sometimes sclerenchyma. 
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(above) TS lamina and midrib of a privet leaf 


j J (Ligustrum), a typical dicotyled n 
VE rb neri n ia 


Plan (naked eye) 
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NB All mesophy!! cells contain chloroplasts 
collenchyma LP Plan g———— — cuticle - thin 
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vacuole column-shaped cells; 
main photosynthetic 
nucleus layer 
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ita Prage Cesk irregular-shaped cells 
clude 
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with little thi au: lower epidermis 
lem cuticle - thin 
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control opening of stoma 
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nals stoma - more numerous in lower 
| n epidermis; allows gaseous exchange 
p — substomatal air space for efficient 
| ly packed parenchyma pos f " gaseous exchange 
l renchyma collenchyma of midrib large intercellular air space 
A final poi ) note is the arrangement of the leaves for — Fig 9.5 Diagrammatic transverse section of a typical 
minimal overlapping. Such leaf mosaics are particularly cotyledon leaf 
noticeable some plants, such as ivy. Etiolation (rapid by electron microscopy. Fig 7.6 shows the typical 
extension growth in the dark) and phototropism (growth ^ appearance of chloroplasts in a leaf mesophyll cell as seen 
towards light) are further phenomena which ensure that at low power in the electron microscope. Figs 9.6 and 9.8 
leaves reach the light. show electron micrographs and fig 9.7 a diagram of a 
chloroplast, illustrating the membrane system. The mem- 
9.3.1 Chl brane system is the site of the light reactions in photosyn- 
Qus Chloroplasts thesis (section 9.4.2). The membranes are covered with 


In eukaryotes, photosynthesis takes place in 
organelles called chloroplasts, distributed in the cytoplasm 
in numbers varying from one (as in Chlamydomonas and 
Chlorella) to about 100 (palisade mesophyll cells). In 
higher plants chloroplasts are usually biconvex in section 
and circular in surface view. They are about 3-10 um 
(average 5 um) in diameter, and so are visible with a light 
microscope. They are more variable in form in the algae, 
for example they are spiral in Spirogyra and cup-shaped in 
Chlamydomonas, and usually possess pyrenoids, as in 
Spirogyra (section 3.2.4). 

Chloroplasts arise from small, undifferentiated bodies 
called proplastids found in the growing regions of plants 
(meristems) and are surrounded by two membranes, which 
form the chloroplast envelope. They always contain 
chlorophyll and other photosynthetic pigments located on 
a system of membranes running through a ground 
substance, or stroma. Their detailed structure is revealed 


chlorophyll and other pigments, enzymes and electron 
carriers. The system consists of many flattened, fluid-filled 
sacs called thylakoids which form stacks called grana at 
intervals, with lamellae (layers) between the grana. Each 
granum resembles a pile of coins and the lamellae are often 
sheet-like (fig 9.8). Grana are just visible under the light 
microscope as grains. 

The stroma is the site of the dark reactions of 
photosynthesis (section 9.4.3). The structure is gel-like, 
containing soluble enzymes, notably those of the Calvin 
cycle, and other chemicals such as sugars and organic acids. 
Excess carbohydrate from photosynthesis is also stored as 
grains of starch mainly in the light. Spherical lipid droplets 
are often associated with the membranes. They become 
more conspicuous as membranes break down during 
senescence, presumably accumulating lipids from the 
membranes. In chromoplasts they are often very large and 
accumulate carotenoid pigments. 
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Fig 9.6 Electron micrograph of a chloroplast (x 15 800) 


chloroplast 


envelope 


outer membrane____ 
inner membrane 


starch grain 


lipid droplet 


free ribosomes ] 


| 
small (70S) 
stroma -membrane-bound — | act 
ribosomes | 
$ t polysome | 
chloroplast —_ 
DNA* - heavily 


stained, circular 
inite \— thylakoid 


Ln ea 
T lamella 


(one thylakoid) 


=" granum 
es 


Fig 9.7 Chloroplast structure. The membrane system h. s in-: isi ji 

bees reduced or convenience (*prokaryote-like ictal 2 decer MANCHA hill 
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An interesting feature of chloroplasts, apart from photo- 
synthesis, is their protein-synthesising machinery. During 
the 1960s it was shown that both chloroplasts and 
mitochondria contain DNA and ribosomes. This led to 
speculation that these organelles may be partially Or 
completely independent of the control of the nucleus in the 
cells containing them. It was further suggested that they 
might represent prokaryotic organisms which invaded 
eukaryotic cells at an early stage in the history of life. Thus 
the organelles represent an extreme form of symbiosis, à 
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Fig 9.8 Scanning electron micrograph of a ‘stripped’ 
chloroplast (a chloroplast whose outer envelope has been 
removed) looking down from above on the lamellae and grana 


which can l en in three dimensions. Note that the 
lamellae are et-like and interconnect the grana. The 
preparation is a shadowed replica (see appendix 2) 


theory known as the endosymbiont theory. Some of the 
evidence for this is presented in table 9.3. 

Photosynthetic prokaryotes (blue-green algae and some 
bacteria) do not contain chloroplasts. Instead their pho- 
tosynthetic pigments are located in membranes distributed 
throughout the cytoplasm. Thus the whole cell is similar to 
one chloroplast, and is approximately the same size. 

It has been shown that, while chloroplasts and mitochon- 
dria do code for and make some of their own proteins, they 
do not contain enough DNA to code for all of them and so 
their evolutionary origins remain unclear. 


9.3.2 Photosynthetic pigments 


The photosynthetic pigments of higher plants 
fall into two classes, the chlorophylls and carotenoids. The 
role of the pigments is to absorb light energy, thereby 
converting it to chemical energy. They are located on the 
chloroplast membranes and the chloroplasts are usually 
arranged within the cells so that the membranes are at 
right-angles to the light source for maximum absorption. 
Table 9.4 shows the range of pigments found within each of 
the main groups of plants. 


Chlorophylis 


Chlorophylls absorb mainly red and blue-violet light, 
reflecting green light and therefore giving plants their 
characteristic green colour, unless masked by other 
pigments. Fig 9.9 shows the absorption spectra of chlor- 
ophylls a and b compared with carotenoids. 

Chlorophylls are characterised by a porphyrin ring (fig 
9.10) which is a structure found in several important 
biological compounds, such as the haem of haemoglobin, 
myoglobin and cytochromes. The porphyrin ring is a flat, 
square structure containing four smaller rings (I-IV), each 
possessing a nitrogen atom which can bond with a metal 
atom, such as magnesium in the chlorophylls and iron in 
haem. The *head' is joined to a long hydrocarbon tail by an 
ester linkage formed between an alcohol group (— OH) at 
the end of phytol and a carboxyl group (- COOH) on the 
head. Different chlorophylls have different side-chains on 
the head and this modifies their absorption spectra. 


Table 9.3 Comparison of prokaryotes, chloroplasts and mitochondria with eukaryotes. 


Prokaryotes, chloroplasts and mitochondria 


Eukaryotes 


DNA Circular 

Not contained in chromosomes 
Not contained in nucleus 
Ribosomes Smaller (70S) 
Sensitivity to 
antibiotics cycloheximide 
Prokaryote cell: 0.5-3 ym 
Chloroplast: 3-5 um 
Mitochondrion: 1 um 


Average 
diameter 


Protein synthesis inhibited by chloramphenicol, not 


Linear 

Contained in chromosomes 

Contained in a nucleus 

Larger (80S) 

Protein synthesis inhibited by cycloheximide, not 
chloramphenicol 

Eukaryote cell: 20 um 


Table 9.4 The main photosynthetic pigments, their colours and distribution. 
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[= 
Class of pigment with examples Colour Distribution 
chlorophyll a yellow-green All photosynthetic organisms except photosynthetic bacteria 
chlorophyll h blue-green Higher plants and green algae 
chlorophyll c green Brown algae, a few unicellular algae including diatoms 
chlorophyll d green Some red algae 
bacteriochlorophylls ad pale blue Photosynthetic bacteria 
Carotenoids (carotenes and xanthophylls) 
(carotene All photosynthetic organisms except photosynthetic bacte: 
Xanthophytts (carotenols) 
Great vanety all yellow Fucoxanthin helps give brown algae their colour. It has a vory broad 
absorption spectrum 
NL 
Fig 9.10. (right) Structure of chiorophytis o 
The structure is related to function in the following ways: © coordinate linkage 
s Ele rade en i. oda X CH, in chlorophylla 
d in chloropiti 
(b) the head is hydrophilic (water loving) and so generally CHO in chi 
lies in the surface of the membrane next to the aqueous 
solution of the stroma; 
(«) the flat head is parallel to the membrane surface for 
aT in several forms, depending on its arrangement in the 


(e) absorption of light energy by the head causes emission 
of electrons. 


Chiorophyll a is the most abundant 
pigment and is the only one found in all 
plants due to its central role as a primary pigment. It exists 


256 


membrane. Each form differs slightly in its red absorption 
peak; for example, the peak may be at 670 nm, 680 nm. 
690 nm or 700 nm. 


Carotenoids 
Carotenoids are yellow, orange, red or brown pigments 


that absorb strongly in the blue-violet range. They are 
usually mashed by the green chlorophylls but can be seen in 
leaves prior to icaf-fall since chlorophylls break down first, 
They are abo found in the of some flowers 
and fruits v bere the bright colours serve to attract insects, 
birds and oiher animals for pollination or dispersal; for 
example the red skin of the tomato is due to lycopene, a 
carotene 

Carotene» have three absorption peaks in the blue- 
violet rangi of the spectrum (fig 9.9) and apart from acting 
as accessor) pigments, they may also protect chlorophytis 
from exces light and from oxidation by oxygen produced 
in photos: sis 

Comi s are of two types, carotenes and xantho- 


phylls. Carvienes are hydrocarbons, the majority being 


Fig 9.11 Structure of []-carotene 


Cy compounds (tetraterpenes). The most and 
important is (i-carotene (fig 9.11), which is familiar as the 
Orange piment of carrots. Vertebrates are able to break 
the molecule into two during digestion to form two 
molecules of vitamin A. Xanthophylls are chemically very 
similar to carotenes but contain oxygen. 


Absorption and action spectra 

When investigating a process such as photosynthesis that is 
Activated by light, it is important to establish the action 
spectrum for the process and to use this to try to identify 
the pigments involved. An action spectrum is à graph 
"pr. the effectiveness of different " —_ 

Mimulating the investigated, cue 
photosynthesis, wee te could be measured for 
example in terms of oxygen production af different 
Wavelengths. An absorption spectrum is a graph of the 
relative absorbance of different wavelengths of light by a 
Pigment. An action spectrum for photosynthesis is shown 
in fig 9.12, together with an absorption spectrum for the 


Aberthaw tear of pinsari 


Excitation of pigments by light 
Pigments are chemicals that absorb. visible light and this 
causes the excitation of certain electrons to ‘excited states’, 
that is the electrons absorb. energy, The shorter the 
wavelength of light, the groater its energy and the greater 
to promote electrom to these excited states 


and then observed in darkness. 
In the light reactions of photosynthesis, the excited 
pigments love electrons, heaving positive ‘holes’ in their 
molecules, for example 

chiorophytt 2 "2. chlorophyll" + 
(reduced form) (oxidised form) 


Each electron lost is accepted by another molecule, the 
«called electron eccepter, so ihis i an oxxdaton 
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L4 
electron 


reduction process (see section A1.2). The chlorophyll is 
oxidised and the electron acceptor is reduced. Chlorophyll 
is described as an electron donor. 


Primary and accessory pigments 


The photosynthetic pigments are of two types, primary 
pigments and accessory pigments. The latter pass the 
electrons they emit to primary pigments. The electrons 
emitted by primary pigments are those that drive the 
reactions of photosynthesis. 

There are two primary pigments, both forms of chloro- 
phyll a; they are called P690 and P700 (see below). P stands 
for pigment. The accessory pigments comprise the other 
chlorophylls (including other forms of chlorophyll a) and 


the carotenoids. 


9.7 Movement of an electron from one 
pigment molecule to another must involve some loss 
of energy as heat, since energy cannot be trans- 
ferred with 10096 efficiency. Chlorophyll b passes 
electrons 1o chlorophyll a. Can you predict whether 


chlorophy'! a or chlorophyll b has the lower energy of 
excitation (energy required to cause the pigment to 
emit an 5'ectron)? 
Photosynthetic units and reaction 
centres 
Over the last twenty years a great deal has been learned 
about the precise structural arrangement of the pigments 


and associated molecules in the thylakoid membranes. It is 
currently believed that there are two types of photosyn- 
thetic unit. called photosystems I and II (PSI and PSII). 
Each contains a collection of accessory pigment molecules 
passing energy to one primary pigment molecule. The 
latter is the reaction centre, where this energy, derived 
from light, is used to drive a chemical reaction. Thus it is 
here that light energy is converted to chemical energy and 
this is the energy conversion central to photosynthesis. 
From both biochemical and electron-microscopic 
Observations it is estimated that each photosystem contains 
about 300 chlorophyll molecules. Electron-microscopic 
evidence comes from the technique of freeze fracturing 
described in section A2.5, and is a good example of how 
this technique has contributed to biological research. Fig 
9.13 shows the regular arrangement of two sizes of particle 
in the thylakoid membranes; they have been called 
quantasomes. It is thought that the small and large particles 
represent photosystems I and II respectively. Each has its 


Fig 9.13 (left) Freeze-fractured isolated thylakoids of a 
chloroplast. The surfaces of fractured granal and intergranal 
membranes are visible. Note the aggregates of particles on 
the membranes 


Fig 9.14 (right) Diagrammatic representation of energy traps 
In photosystems | and II 


own characteristic set of chlorophyll molecules, summa- 
rised in fig 9.14, Photosystem II particles seem to be mainly 
associated with grana. Fig 9.14 is purely diagrammatic and 
represents energy (as excited electrons) being funnelled 
from light-harvesting accessory pigments to the primary 
pigment, which is a specialised form of chlorophyll a called 
P690 or P700 (depending on the absorption peak in 
nanometres). P690 and P700 are energy traps. Other 
specialised forms of chlorophyll a, such as chlorophyll a 670 
and 680, may be regarded as accessory pigments, like 
chlorophyll b. Carotenoids have been omitted from fig 9.14 
but are also thought to play a role as accessory pigments. 
Electrons from the energy traps are used to drive the light 
reactions, 


9.4 


Biochemistry of photosynthesis 


A commonly used equation for photosynthesis 


is 
6CO, + 6H,0 ene CHO, + 60, 
ni chloro 
carbon dioxide water PN sugar oxygen 


e.g. glucose 


Photosystem II Photosystem I 


h j 


Chl b 650 


Chl b 650 
Chl a 670 


i 


Chl a 680 


about 300 
light-harvesting 
chlorophyll 
molecules 


Chl a 670 


trap 1 
(reaction 
centre) 


(reaction 
centre) 


Y 


light reaction II light reaction I 


Key 
—Zo,»»  lightenergy 
——» movement of electrons (energy) 
Chl chlorophyll 
Chla670 chlorophyll a with absorption peak at 670 nm 


P pigment, i.c. primary pigment molecule of chlorophyll a 


This is useful for showing the formation of one molecule 
of sugar, but it should be realised that it is an overall 
summary of events. A better summary is 


light energy 


CO; + H;O chlorophyll 


[CHO] + O, 
CH,O does not exist as such, but represents a carbo- 
hydrate. 


9.4.1 Source of oxygen 


Looking at the equation a chemist would 
speculate about what type of reaction is involved, and a key 
question is whether the oxygen produced comes from 
carbon dioxide or water. The most obvious answer would 
seem to be carbon dioxide, so that the remaining carbon 
would be added to water to make carbohydrate. With the 
advent of the use of isotopes (section A1.3) in biology 
during the 1940s it became possible to answer the question 
directly. 

The common isotope of oxygen has a mass number of 16 
and is therefore represented as !^O (8 protons, 8 neutrons). 
A rare isotope has a mass number of 18 (O). This is stable, 
but can be detected by virtue of its greater mass with a mass 
spectrometer, an important analytical instrument which 
distinguishes between different atoms and molecules 
according to their masses. In 1941 an experiment was 
carried out which produced results summarised in the 
following equation 


CO, + H,O [CH,O] + #80, 

The source of oxygen was thus shown to be water. The 
equation shows two atoms of oxygen coming from one 
molecule of water. The balanced equation should therefore 
be 


light energy 


CO; + 2H,0 chlorophyll 


[CH,O] + O, + H,O 

This is the most accurate summary of photosynthesis and 
provides the extra information that water is produced, as 
well as used, in photosynthesis. This experiment confirmed 
indirect evidence put forward at about the same time by 
van Niel, who showed that bacteria do not produce oxygen 
during photosynthesis, although they use carbon dioxide, 
He concluded that all photosynthesising organisms need a 
source of hydrogen; for plants this is water, with oxygen 
being released; for sulphur bacteria, for example, it is 
hydrogen sulphide, sulphur being released instead of 
oxygen: 


light energy 


CO; + 2H,S ~ chlorophyll 


[CH,O] + 28 + H,O 
This equation for sulphur bacteria is analogous to the 
plant equation. 
These experiments provided a profound insight into the 
nature of photosynthesis because they showed that it takes 
place in two stages, the first of which involves acquiring 
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hydrogen; in plants hydrogen is obtained by splitting water 
into hydrogen and oxygen. This requires c nergy which 
must be provided by light (hence the process used to be 
called photolysis: photos, light; lysis, splitting). Oxygen is 
released as a waste product. In the second stage, hydrogen 
combines with carbon dioxide to produce : rbohydrate, 
Addition of hydrogen is an example of a type of chemical 
reaction called reduction (section A1.2). 


The fact that photosynthesis is a two-stage process was 


first established in the 1920s and 1930s. The first stage was 
characterised by reactions requiring light and was called 
the light reaction. The second stage did no: *ojuire light, 
and was called the dark reaction, although it t kes place in 
light. It is now known that these are two sets of reactions 
which are also separated in space, the |i reactions 
occurring on the chloroplast membranes : the dark 
reactions in the chloroplast stroma. 

Having established that photosynthesis proce eds by light 
reactions followed by dark reactions, it rem ined in the 
1950s to elucidate the nature of these reactiv 
9.4.2 Light reactions 

In 1958, Arnon and his co-workors showed 
that isolated chloroplasts, when exposed to | ht, could 
synthesise ATP from ADP and phosphate (phosphoryla- 
tion), reduce NADP to NADPH,, and evol xygen. 

He also showed that carbon dioxide could duced to 
carbohydrate in the dark if ATP and NADPH (section 
6.2.3) were provided. It therefore seemed thai ihe role of 
the light reactions was to provide ATP and NADPH;. 
Arnon noted the resemblance to respiration, where 
Phosphorylation also occurs. This requires energy. In 
respiration it comes from oxidation of a fi usually 
glucose, and it is therefore called oxidative phosphoryla- 
tion. In photosynthesis the energy comes from light and the 
process is therefore called photophosphorylation. Hence 


oxidative phosphorylation is the conversion of A DP + P. ito 
ATP using chemical energy obtained from food by 
respiration, and photophosphorylation is the conversion of 
ADP + P; to ATP using light energy in photosynthesis. (P; 
= inorganic phosphate.) 

Arnon accurately predicted that photophosphorylation, 
like oxidative phosphorylation, would be coupled to the 
transfer of electrons in membranes. Electron transfer is 
fundamental to an understanding of both photosynthesis 
and respiration. 


Cyclic and non-cyclic 
photophosphorylation 
The role of the light reactions is to synthesise ATP and 
NADPH, using light energy. The process depends on a 
flow of electrons from primary pigments, and light provides 
the energy that causes this flow. 


chlorophyll a J'£ht energy chlorophylla* + e 
(reduced chlorophyll) (oxidised chlorophyll) excited 
electron 


The fate of the electrons is summarised in fig 9.15. The 
pathway shown is sometimes known as the ‘Z-scheme’ 
from its shape. Remember that losing an electron is 
oxidation, gaining an electron is reduction (see section 
A1.2). In the Z-scheme two electrons are shown for 
convenience. though in practice they enter the scheme one 
at a time 


Fate of electrons. First, an electron from 
photosystem | or I is boosted to a higher energy level, that 
is it acquires excitation energy. Instead of falling back into 
the photos m and losing its energy as, for example, 
fluorescence, 1t is captured by an electron acceptor (X or Y 
in fig 9.15). This represents the important conversion of 
light energy to chemical energy. The electron acceptor is 
thus reduce. ind a positively charged (oxidised) pigment is 
left in the photosystem. The electron then travels downhill, 
in energy t5, from one electron acceptor to another in a 
series of ©»!dation-reduction (redox) reactions. This 
electron flo» is ‘coupled’ to the formation of ATP in both 
cyclic and »on-cyclic pathways; in addition, NADP is 
reduced in ithe non-cyclic pathway. 


high 
4 


2 
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Non-cyclic photophosphorylation 

Non-cyclic photophosphorylation is initiated by light 
shining on photosystems I and II. Excited electrons from 
P690 (PSII) and P700 (PSI) reduce electron acceptors X 
and Y respectively. P690 and P700 are now positively 
charged (oxidised). P690 is neutralised by electrons from 
water: electrons flow downhill from the latter to P690 via 
electron carrier Z and oxygen is produced as a waste 
product of photosynthesis. 

P700 is neutralised by electrons moving downhill from X 
via a chain of electron carriers, the energy from this flow 
being coupled to ATP production. Up to two ATP 
molecules may be made per pair of electrons, but this 
number is probably variable (two are shown in fig 9.15). 
Finally, electrons pass downhill from Y to NADP and 
combine with hydrogen ions to form NADPH,. Note that 
the excess hydrogen ions are available from the ‘splitting’ 
of water. 


Cyclic photophosphorylation 


In cyclic photophosphorylation, electrons from Y are 
recycled back to P700 via the chain of electron carriers. 


2e" 


Mo, Y 
vy NADPc==> NADPH, 


2H* 


Key 
—»- flow of electrons in non-cyclic photophosphorylation 


-== flow of electrons from Y to electron carriers in 
cyclic photophosphorylation 


==> other chemical reactions 
X, Y, Z electron acceptors 


Electron carriers include plastoquinones, 
cytochromes b and c, plastocyanin and ferredoxin 


Fig 9.15 ‘Z-scheme of electron flow in cyclic and non-cyclic photophosphorylation 


Table 9.5 Comparison of cyclic and non-cyclic 
photophosphorylation. 


Non-cyclic Cyclic 
Pathway of Non-cyclic Cyclic 
electrons 
First electron Water Photosystem I 
donor (source of (P700) 
electrons) 
Last electron NADP Photosystem I 
acceptor (destin- (P700) 
ation of electrons) 
Products Useful: ATP,NADPH, Useful; ATP only 
Waste: O, 
Photosystems I and II I only 
involved 


Their excitation energy is coupled to ATP production just 
as in non-cyclic photophosphorylation. 

Table 9.5 shows the differences between cyclic and 
non-cyclic photophosphorylation. 

The overall equation for non-cyclic photophosphoryla- 
tion is 
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light energy 
H,O + NADP + 2ADP + 2P, chlorophyll ~ 40, 
+ NADPH, + 2ATP 

(maximum of 2ATP — 


may be less than 2) 


Extra ATP can be made via cyclic photophosphorylation, 
The efficiency of energy conversion in the lig!) reactions is 
high and estimated at about 39%. 


The Hill reaction 


In 1939 Robert Hill, working in Cambridge. discovered 
that isolated chloroplasts were capable of liberating oxygen 
in the presence of an oxidising agent (electron acceptor), 
This has since been called the Hill reaction. A number of 
so-called Hill oxidants substitute for the natur « occurring 
electron acceptor NADP, one of which is thc blue dye 
DCPIP (2,6 dichlorophenolindophenol) that turns colour- 
less when reduced: 


light + chloroplasts 


DCPIP DCPIP! 
oxidised reduced 
(blue) H,O ^O; (colourless) 


We 


(X 13 485). Envelopes and stroma are lost 


Experiment 9.1: Investigating the Hill reaction 


Isolation of chloroplasts 


Materials 
spinach, lettuce or cabbage leaves 
scissors 
cold pestle and mortar (or blender or food mixer) 
muslin or nylon 
filter funn 


centifuge and centrifuge tubes 
ice—water-salt bath 
glass ro 

Solutions (see notes) 

0.05 M phosphate buffer solution, pH 7.0 
isolatior dium 
DCPIP solution (reaction medium) 

Method 

Chloroplasts can be isolated by grinding spinach, lettuce 

or cabbag aves in a cold medium of suitable osmotic 

and ionic rigth and pH, such as 0.4 M sucrose, 0.01 M 

KCI and 0.05 M phosphate buffer, pH 7.0. Solutions and 

apparatus must be kept cold during the isolation procedure 

if biochemical activity is to be preserved. The operation 
should also be performed as rapidly as possible, so study 
the methoc carefully and assemble the apparatus first. 

Sufficient chloroplasts can be isolated using this method 
to supply several groups of students, if it is not practicable 
for all groups to prepare their own. 

(1) Cut three small spinach, lettuce or cabbage leaves into 
small pieces with scissors, avoiding midribs and 
petioles. Piace in a cold mortar or blender containing 
20 cm o! cold isolation medium (scale up quantities for 
blender if necessary). 

(2) Grind vigorously and rapidly (or blend for about 10 s). 

(3) Place four layers of muslin or nylon in a funnel and wet 
with cold isolation medium. 


(4) Filter the homogenate through the funnel and collect in 
pre-cooled centrifuge tubes supported in an ice- 
water-salt bath. Gather the edges of the muslin and 
wring thoroughly into the tubes. 

(5) Ensure that each centrifuge tube contains about the 
same volume of filtrate. 

(6) If your bench centrifuge has a fixed speed, spin the 
filtrate for 2-5 min (a small pellet is required, but the 
lime taken should be minimal). 

If a bench centrifuge with variable speed is available, 
Spin the filtrate at 100—200 times gravity for 1-2 min. 
Respin the supernatant (the liquid above the sedi- 
ment) at 1 000-2 000 times gravity for up to 5 min 
(sufficient time to get a small chloroplast pellet). 

(7) Pour away the supernatant. Resuspend the pellet of 
one centrifuge tube in about 2 cm? of isolation medium 
using a glass rod. Transfer the suspension from this 
lube to the second centrifuge tube and resuspend the 


pellet in that tube. (Alternatively, if more than one 
student group is to be supplied, use 2 cm? in each tube 
and use one tube per group.) 

(8) Store this chloroplast suspension in an ice-water-salt 
bath and use as soon as possible. 


The Hill reaction 


The chloroplast suspension can now be used to study the 
Hill reaction. The DCPIP solution should be used at room 
temperature. 

Prepare the following tubes: 

(1) 0.5 cm? chloroplast suspension + 5 cm? DCPIP solu- 
tion. Leave in a bright light. 

(2) 0.5 cm? isolation medium + 5 cm* DCPIP solution. 
Leave in a bright light. 

(3) 0.5 cm? chloroplast suspension -- 5 cm? DCPIP solu- 
tion. Place immediately in darkness. 

(4) It is useful to add 0.5 cm? chloroplast suspension to 
5 cm? distilled water as a colour standard, showing 
what the final colour will be if the DCPIP is reduced. 

Record your observations after 15-20 min. 

If a colorimeter is available, the progress of the reaction 
can be followed by measuring the decrease in absorbance 
of the dye as it changes from the blue oxidised to the 
colourless reduced state. Prepare the mixtures given 
above for tubes (2) to (4) in colorimeter sample tubes. 
Insert a red (or yellow) filter and set the colorimeter at zero 
absorbance using tube (4) as a blank. Then set up tube (1) 
and immediately take a reading from this tube and return it 
to the light. Take further readings at 30 s intervals. Plot the 
rate of the reaction graphically. Once reduction is 
complete, take a reading from tube (3). Tube (2) can be 
checked for reduction of dye by first setting the colorimeter 
atzero with a blank of isolation medium. Ideally the time for 
complete reduction is about 10 min. 


Notes 


Prepare the solutions as follows. 

0.05 M phosphate buffer solution, pH 7.0 
Na,HPO,.12H,O ^ 4.48 g (0.025 m) 

KH;PO, 1.70 g (0.025 M) 

Make up to 500 cm? with distilled water and store in a 
refrigerator at 0—4 °C. 

Isolation medium 

sucrose — 34.23 g (0.4 M) 

KCI 0.19 g (0.01 M) 

Dissolve in phosphate buffer solution at room temperature 
and make up to 250 cm? with the buffer solution. Store in a 
refrigerator at 0-4 °C. 

DCPIP solution (reaction medium) 

DCPIP 0.007-0.01 g (10-4 M approx.) 

KCI 0.93 g (0.05 M) 

Dissolve in phosphate buffer solution at room temperature 
and make up to 250 cm’. Store in a refrigerator at 0—4 °C. 
Use at room temperature. 

(NB Potassium chloride is a cofactor for the Hill reaction.) 
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9.8 What change, if any, did you observe 
in tube (1)? 

9.9 What was the purpose of tubes (2) 
and (3)? 

9.10 What other organelles apart from 
chloroplasts might you expect in the chloroplast 
suspension? 

9.11 What evidence have you that these 
were not involved in the reduction of the dye? 


9.12 Why was the isolation medium kept 
cold? 

9.13 Why was the isolation medium buf- 
fered? 

9.14 What was (a) the electron donor, 
and (b) the electron acceptor, in the Hill reaction? 


9.15 During the Hill reaction, DCPIP acts 
between X and PSI in the Z-scheme (fig 9.15) and 
oxygen is evolved. Does the Hill reaction involve 
cyclic or non-cyclic photophosphorylation, or both? 
Give your reasons. 

9.16 Fig 9.16 shows the appearance of 
the chloroplasts after being used in the experiment. 
The photograph demonstrates the consequences of 
transferring chloroplasts from the hypertonic isola- 
lion medium containing sucrose to the hypotonic 
reaction medium. 


(a) How do the chloroplasts in fig 9.16 differ in 
appearance from normal chloroplasts? 

(b) Can you explain why transferring the chloroplasts 
to a medium lacking sucrose should bring about 
this change? 

(c) Why was this change desirable before carrying 
out the Hill reaction? 


9.17 What significance do you think the 
discovery of the Hill reaction might have had on the 
understanding of the photosynthetic process? 


9.4.3 Dark reactions 


The dark reactions which take place in the 
stroma do not require light and use the energy (ATP) and 
reducing power (NADPH,) produced by the light reactions 
to reduce carbon dioxide. The reactions are controlled by 
enzymes and their sequence was determined by Calvin, 
Benson and Bassham of the USA during the period 
1946-53, work for which Calvin was awarded the Nobel 
prize in 1961. 

Calvin's experiments 
Calvin's work was based on use of the radioactive isotope 
of carbon, C (half-life 5 570 years, see section A1.3) 
which only became available in 1945. He also used paper 
chromatography, which was a relatively new but neglected 
technique. Cultures of the unicellular green alga Chlorella 
were grown in the now famous ‘lollipop’ apparatus (fig 
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Fig 9.17 Diagram illustrating the principle of € Ys 
‘lollipop’ apparatus. This comprises a thin, transparent vessel 
in which unicellular algae are cultured. Carbon dide 


containing radioactive carbon is bubbled throug! algal 
suspension in experiments to determine the path taken by 
carbon in photosynthesis 

9.17). The Chlorella culture was exposed CO, for 
varying lengths of time, rapidly killed by drop into hot 
methanol, and the soluble products of photosynthesis 
extracted, concentrated and separated by two-! ‘mensional 
paper chromatography (fig 9.18 and section 2). The 
aim was to follow the route taken by the labelled carbon 
through intermediate compounds into the fina! product of 
photosynthesis. Compounds were located on the chro- 
matograms by autoradiography, whereby photographic 
film sensitive to radiation from "C was placed over the 
chromatograms and became darkened where radioactive 


compounds were located (fig 9.18). After only one minute 
of exposure to CO, many sugars and organic acids, 
including amino acids, had been made. However, using 5 $ 
exposures or less, Calvin was able to identify the first 
product of photosynthesis as a 3C acid (an acid containing 
three carbon atoms), phosphoglyceric acid (PGA). He 
went on to establish the sequence of compounds through 
Which the fixed carbon passed and the various stages 
involved are summarised below. They have since become 


known as the Calvin cycle (or Calvin-Benson-Bassham 
cycle), 


d 9.18 What is the advantage of using a 
radioactive isotope with a long half-life in biological 
experiments? 


: 9.19 What advantage might be gained by 
using Chlorella rather than a higher plant? 


: 9.20 Why was the "lollipop' vessel thin in 
Section rather than Spherical? 


concentrated extract applied 
to chromatographic paper 


(a) 
Li 
concentrated by 
evaporation 
-r 
| 
C-labelled algal sample 
killed in mei hanol chromatographic paper 
—— left in autoradiogram 
contact 
ania in dark 
for about 
two weeks 
> T cc 
| 
X-ray s film placed over "C-labelled radioactivity 
popar ogram to detect compound visible counter over 
C-cont 1g spots 


as dark spot 


Stages in carbon pathway 
Acceptance of carbon dioxide (carbon dioxide fixation). 


RuBP carboxylase 


RuBP + CO, + H;O 2PGA 
(ribulos (phosphoglyceric acid) 
bisphosphate) 3C acid 
5C sugar first product of 
photosynthesis 
The carbon dioxide acceptor is a 5C sugar (a pentose), 


ribulose bisphosphate (ribulose with two phosphate 
groups, formerly known as ribulose diphosphate, RuDP). 
Addition of carbon dioxide to a compound is called 
carboxylation; the enzyme involved is a carboxylase. The 
6C product is unstable and breaks down immediately to 
two molecules of phosphoglyceric acid (PGA). The latter is 
the first product of photosynthesis. The enzyme ribulose 
bisphosphate carboxylase is present in large amounts in the 
chloroplast stroma, and is in fact the world’s most common 
protein. 


Reduction phase 


ATP ADP +P; 
PGA TE 
3C acid 3C sugar 
NADPH, NADP -H;O 


PGA is phosphoglyceric acid, a 3C acid. It contains the 
acidic carboxyl group (-COOH). TP is triose phosphate or 


dry and turn 
through 90° 
> 


develop with solvent 
of phenol; H,O 
(72:28) 


develop with solvent of 
aqueous butanol; aqueous 
propionic acid (1:1) 


spot on paper 


after 15 seconds 
photosynthesis 


after 5 seconds 
photosynthesis 


original position 
of extract 


+ 


triose 4 


Pos a PGA 


& malic acid 
hexose 
monophosphates 


(b) Examples of autoradiograms obtained 


Fig 9.18 (a) Detection of the products of "CO, fixation in 
algae after brief periods of illumination by the use of paper 
chromatography and autoradiography. (b) Autoradiographs of 
the photosynthetic products from '*CO, added to algae 
illuminated for short periods of time 


glyceraldehyde phosphate, a 3C sugar. It contains an 
aldehyde group (-CHO). 

The reducing power of NADPH, and energy of ATP are 
used to remove oxygen from PGA (reduction). The 
reaction takes place in two stages, the first using some of 
the ATP produced in the light reactions and the second 
using all the NADPH, produced in the light reactions. The 
overall effect is to reduce a carboxylic acid group 
(-COOH) to an aldehyde group (-CHO). The product is a 
3C sugar phosphate (a triose phosphate), that is a sugar 
with a phosphate group attached. This contains more 
chemical energy than PGA, and is the first carbohydrate 
made in photosynthesis. 


Regeneration of the carbon dioxide acceptor, 
RuBP. Some of the triose phosphate (TP) has to be used 
to regenerate the ribulose bisphosphate consumed in the 
first reaction. This process involves a complex cycle, 
containing 3, 4, 5, 6 and 7C sugar phosphates. It is here that 
the remaining ATP is used. Fig 9.19 provides a summary of 
the dark reactions. In it the Calvin cycle is represented as a 
*black box' into which carbon dioxide and water are fed and 
TP emerges. The diagram shows that the remaining ATP is 
used to phosphorylate ribulose phosphate to ribulose 
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Fig 9.19 (left) Summary of the dark reactions 
of photosynthesis (Calvin cycle). RuBP, 
ribulose bisphosphate; RuP, ribulose 


" reduction phase phosphate; PGA, phosphoglyceric acid; TP, 
(ATP) 12ADP + 12P, triose phosphate 
CO, UN 
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» OADP TP showing the relationship between 
l (BNADPH, DNADP photosynthesis and synthesis of (od in plants, 
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Do NEN E 
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bisphosphate, but details of the complex series of reactions 
are not shown. 

The overall equation which can be derived from fig 9.19 
is 


18ATP 18ADP + 18P; 
6H,0+6CO, 2TP 
12NADPH, 12NADP +12H,O 


The important point to note is that six molecules of carbon 
dioxide have been used to make two molecules of a 3C 
sugar, triose phosphate. The equation can be simplified by 
dividing by six: 


3ATP 3ADP +P; 


H,0+CO, (CH,0]+2H,0 


2NADPH, 2NADP 


9.21 Redraw fig 9.19 showing only the 
numbers of C atoms involved: for example 
6RuBP = 6 x 5C. 

A summary of photosynthesis is given in table 9.6, 


9.4.4 Metabolism of phosphoglyceric acid 


and triose phosphate 


Although triose phosphate (phosphoglyceral- 
dehyde) is the end product of the Calvin cycle, it does not 
accumulate in large quantities since it is immediately 
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converted to other products. The most familiar o! these are 
glucose, sucrose and starch, but fats and organic acids (such 
as fatty acids and amino acids) are also rapidly made. 
Photosynthesis can strictly be regarded as complete once 
triose phosphate is made, because subsequent reactions 


can also occur in non-photosynthetic organisms, like 


animals and fungi. However, it is important to show here 
how phosphoglyceric acid and triose phosphate can be used 
in the synthesis of all the basic food requirements of plants. 
Fig 9.20 summarises some of the main pathways involved 
and shows what a central position the reactions of glycolysis 
and Krebs cycle have in metabolism. The latter two 


pathways are discussed in chapter 11. Both phosphog- 
lyceric acid and triose phosphate are intermediates in 
glycolysis. 


Synthesis of carbohydrates 
Carbohydrates are synthesised in a process which is, in 
effect, a reversal of glycolysis. The two most common 
carbohydrate products are sucrose and starch. Sucrose is 
the form in which carbohydrate is exported from the leaf in 
the phloem (section 14.8). Starch isa storage product and is 
the most easily detected product of photosynthesis. 


Synthesis of lipids 
Phosphoglyceric acid enters the glycolytic pathway and is 
converted to an acetyl group which is added to coenzyme A 
to form acetyl coenzyme A. This is converted to fatty acids 
in both cytoplasm and chloroplasts (not in mitochondria, 
where breakdown of fatty acids occurs). Glycerol on the 
other hand is made from triose phosphate. 


Synthesis of proteins 
Phosphoglyceric acid and triose phosphate contain the 


disaccharides, e.g. sucrose 


6C sugars, e.g. glucose 


phosphorylated 


sugar 


polysaccharides, e.g. starch, cellulose 


| CARBOHYDRATES 


TP z—— 3 sugar phosphate 


RuBP photosynthesis | 


PGA 


pyruvic acid 


acetyl coenzyme A 


'ROTEINS 


X 


other amino acids 


SO," 


PO, ™ HPO; 


transamination Krebs cycle 


N glutamic acid 


a-ketoglutaric acid 


Table 9.6 Summary of photosynthesis. 


Light reactions 


Location in 
chloroplasts 


Reactions 


Overall 
equation 


Results 


Combined 
equations 


Fhylakoids 


Photochemical, i.e. require light. 

Light energy causes the flow of electrons from electron 
‘donors’ to electron ‘acceptors’, along a non-cyclic or a 
cyclic pathway. Two photosystems, I and II, are 
involved. These contain chlorophylls which emit 
electrons when they absorb light energy. Water acts 

as an electron donor to the non-cyclic pathway. 
Electron flow results in production of ATP (photo- 
phosphorylation) and NADPH,. (See also table 9.5.) 


light 

2H,0 + 2NADP —— —* O, + 2NADPH, 
E chlorophyll 

also ADP + P, —————*ATP (variable amount) 

Light energy is converted to chemical energy in ATP 


and NADPH,. Water is split into hydrogen and oxygen. 


Hydrogen is carried to NADPH, and oxygen is a waste 
product. 


2H,O 
light + AÁ 
chlorophyll 


O, 2H, 


Net equation: CO, + H,O 


light 
chlorophyll 


(isomer of TP) 


glycerol 


LIPIDS 


fatty acids 


Key 


external, inorganic 
food source 


product 


(LJ 


reactions using enzymes of 
glycolysis pathway 


Dark reactions 


Stroma 


Do not require light. 

Carbon dioxide is fixed when it is accepted by a 5C- 
compound ribulose bisphosphate (RuBP), to form two 
molecules of a 3C-compound phosphoglyceric acid (PGA), 
the first product of photosynthesis. A series of reactions 
occurs called the Calvin cycle in which the carbon dioxide 
acceptor RuBP is regenerated and PGA is reduced to a 
sugar. (See also fig 9.19.) 


3ATP — 3ADP + 3P, 
CO, + HO [CHO] + 2H,0 
2NADPH,  2NADP 


Carbon dioxide is reduced to carbon compounds such as 
carbohydrates, using the chemical energy in ATP and 
hydrogen in NADPH,. 


[CH,O] 


CO, + H,O 
[CH,O] + O, 


elements carbon, hydrogen and oxygen. Nitrogen, sulphur 
and occasionally phosphorus are also needed if amino acids 
and hence proteins are to be made. Plants obtain these 
elements from the soil water (or surrounding water in 
aquatic plants) as inorganic salts (nitrates, sulphates and 
phosphates respectively). 

Higher plants are able to synthesise all their amino acids 
using ammonia or nitrate as the nitrogen source, and given 
a supply of phosphoglyceric acid from photosynthesis. 
Mammals are unable to synthesise some of the common 
amino acids (the essential amino acids, see section 5.4) and 
have to rely on plants as the source. Phosphoglyceric acid is 
first converted to one of the acids of the Krebs cycle via 
acetyl coenzyme A (fig 9.20). Subsequent synthesis of the 
amino acid is summarised below. 


(1) 
NO; - reduction p : reduction e E 
(nitrate) nitrate reductase (nitrite) ‘nitrite reductase 
from 
roots 
(2) amination 
NH, + Krebs cycle acid — amino acid 
k + reduction 


(ammonia) 


For example, ‘ 
transaminase 
NH, + a-ketoglutaric acid + NADPH, == glutamic acid + NADP. 


Reaction (2) is the major route of entry of ammonia into 
amino acids. By a process called transamination other 
amino acids can be made by transferring the amino group 
(-NH;) from one acid to another. For example, 


transaminase 
glutamic acid + oxaloacetic acid == a-ketoglutaric acid + aspartic acid 


(amino acid) (a Krebs cycle acid) (a Krebs cycle acid) (amino acid) 

Other synthetic pathways for amino acids also occur. 
Some amino acids are made in the chloroplasts. About 
one-third of the carbon fixed and about two-thirds of the 
nitrogen taken up by plants are commonly used directly to 
make amino acids. 


9.5 


Factors affecting photosynthesis 


The rate of photosynthesis is an important 
factor in crop production since it affects yields. An 
understanding of those factors affecting the rate is 
therefore likely to lead to an improvement in crop 
management. 


9.22 From the equation for photosyn- 
thesis what factors are likely to affect its rate? 
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9.5.1 The concept of limiting factors 


The rate of a biochemical process which, like 
photosynthesis, involves a series of reactions, will theoreti- 
cally be limited by the slowest reaction in the series, For 
example, in photosynthesis the dark reactions are depen- 
dent on the light reactions for NADPH, and ^TP. At low 
light intensities the rate at which these are produced is too 
slow to allow the dark reactions to proceed a maximum 
rate, so light is a limiting factor. The principle of limiting 
factors can be stated thus: 


when a chemical process is affected by more than one factor 
its rate is limited by that factor which is nearest its 
minimum value: it is that-factor which directly affects a 
process if its quantity is changed. 

The principle was first established by Blackman in 1905, 
Since then it has been shown that different factors, such as 
carbon dioxide concentration and light inten interact 
and can be limiting at the same time, although one is often 
the major factor. Consider one of these factors, light 
intensity, by studying fig 9.21 and trying t wer the 
following questions. 

A 
€ 
LEER LM UB e zm 
Rate of l E 
photosynthesis | 
I 
! 
g 
I 
! 
| 
1 
I 
I 
I 
| 
! Ld 


D 
Light intensity 


Fig 9.21 Effect of light intensity on rate of photosynthesis 


9.23 In fig 9.21 (a) what is the limiting 
factor in region A? 
(b) what is represented by the curve at B and C? 
(c) what does point D represent on the curve? 
(d) what does point E represent on the curve? 


Fig 9.22 shows the results from four experiments in 
which the same experiment is repeated at different 
temperatures and carbon dioxide concentrations. 


9.24 In fig 9.22 what do the points X, Y 
and Z represent on the three curves? 


A 
25*G, relatively high CO, 
- concentration (e.g. 0.4%) expt. 3 
H 
$ 
E 
E 25°C, atmospheric CO, expt. 1 
rj concentration (0.04%) 
2 
2 or 15°C, relatively high ^ expt. 4 
E CO, concentration 
15°C, atmospheric CO; expt. 2 
concentration (0.04%) 


de 
Light intensity 


Fig 9.22 Effect of various factors on rate of photosynthesis 


In fig 9.22, experiments 1-4 show that once light intensity 
is no longer limiting, both temperature and carbon dioxide 
concentration can become limiting. Enzyme-controlled 
reactions like the dark reactions of photosynthesis are 
sensitive to temperature; thus an increase in temperature 
from 15°C to 25°C results in an increased rate of 
photosynthesis (compare experiments 2 and 1, or 4 and 3) 
providing light is not a limiting factor. Carbon dioxide 
concentration can also be a limiting factor in the dark 
reactions (compare experiments 2 and 4, or 1 and 3). Thus 
in experiment 2, for example, both temperature and 
carbon dioxide concentration are limiting, and an increase 
in either results in increased photosynthetic rate. 


9.5.2 Reaction rate graphs 


The chief external factors affecting rate of 
photosynthesis are light intensity, carbon dioxide concen- 
tration and temperature. Graphs representing their effects 
all have the form of fig 9.21, with external factors plotted 
on the horizontal axis. All show an initial linear increase in 
photosynthetic rate where the factor being investigated is 
limiting, followed by a decrease in the rate of increase and 
stabilising of rate as another factor, or factors, becomes 
limiting. 

In the following it is assumed that factors other than the 
one under discussion are optimal. 


Light 
When considering the effect of light on a process it is 
important to distinguish between the effects of light 
intensity, light quality and duration of exposure to light. 


Light intensity. In low light intensities the 
rate of photosynthesis increases linearly with increasing 
light intensity (fig 9.21). Gradually the rate of increase falls 
Off as the other factors become limiting. Illumination on a 
clear summers day is about 100 000 lux (10 000 ft 
candles), whereas light saturation for photosynthesis is 
reached at about 10 000 lux. Therefore, except for shaded 


plants, light is not normally a major limiting factor. Very 
high light intensities may bleach chlorophyll and retard 
photosynthesis, but plants naturally exposed to such 
conditions are usually protected by devices such as thick 
cuticles and hairy leaves. 


Light duration (photoperiod). Photosyn- 
thesis only occurs during periods of light, but is otherwise 
unaffected by light duration. 


Light quality (wavelength of colours). The 
effect of light quality is revealed by the action spectrum for 
photosynthesis (see fig 9.12). 


Carbon dioxide concentration 

Carbon dioxide is needed in the dark reactions where it is 
fixed into organic compounds. Under normal field condi- 
tions, carbon dioxide is the major limiting factor in 
photosynthesis. Its concentration in the atmosphere varies 
between 0.03% and 0.04%, but increases in photosynthetic 
rate can be achieved by increasing the percentage (see 
experiment 3, fig 9.22). The short-term optimum is about 
0.5%, but this can be damaging over long periods; then the 
optimum is about 0.1%. This has led to some greenhouse 
crops, such as tomatoes, being grown in carbon-dioxide- 
enriched atmospheres. At the moment there is much 
interest in a group of plants which are capable of removing 
the available carbon dioxide from the atmosphere more 
efficiently, hence achieving greater yields. These ‘Cy 
plants are discussed in section 9.8.2, where the effects of 
high carbon dioxide concentrations on inhibiting photo- 
respiration, thus stimulating photosynthesis, are also 
discussed. 


Temperature 
The dark reactions and, to a certain extent, the light 
reactions are enzyme-controlled and therefore tempera- 
ture-sensitive. For temperate plants the optimum tempera- 
ture is usually about 25 °C. The rate doubles for every 
10 °C rise up to about 35 °C, although other factors mean 
that the plant grows better at 25°C. 


9.25 Why should the rate decrease at 
higher temperatures? 


Water 


Water is a reactant (raw material) in photosynthesis but so 
many cell processes are affected by lack of water that it is 
impossible to measure the direct effect of water on 
photosynthesis. Nevertheless, by studying the yields 
(amounts of organic matter synthesised) of water-deficient 
plants, it can be shown that periods of temporary wilting 
can lead to severe yield losses. Even slight water deficiency, 
with no visible effects, might significantly reduce crop 
yields. The reasons are complex and not fully understood. 
One obvious factor is that plants usually close their stomata 
in response to wilting and this would prevent access of 
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carbon dioxide for photosynthesis. Abscisic acid, a growth 
inhibitor, has also been shown to accumulate in water- 
deficient leaves of some species. 


Chlorophyll concentration 


Chlorophyll concentration is not normally a limiting factor, 
but reduction in chlorophyll levels can be induced by 
several factors, including disease (such as mildews, rusts 
and virus diseases), mineral deficiency (section 9.12) and 
normal ageing processes (senescence). If the leaf becomes 
yellow it is said to be chlorotic, the yellowing process being 
called chlorosis. Chlorotic spots are thus often a symptom 
of disease or mineral deficiency. Iron, magnesium and 
nitrogen are required during chlorophyll synthesis (the 
latter two elements being part of its structure) and are 
therefore particularly important minerals. Potassium is 
also important. Lack of light can also cause chlorosis since 
light is needed for the final stage of chlorophyll synthesis. 


Oxygen 


Relatively high concentrations of oxygen, such as the 2196 
in the atmosphere to which plants are normally exposed, 
generally inhibit photosynthesis. In recent years it has been 
shown that oxygen competes with carbon dioxide for the 
active site in the carbon-dioxide-fixing enzyme RuBP 
carboxylase, thus reducing the overall rate of photosynth- 
esis. In the subsequent reactions carbon dioxide is 
produced, again reducing net photosynthesis. These 
reactions comprise ‘photorespiration’ and are discussed in 
section 9.8. 


Specific inhibitors 

An obvious way of killing a plant is to inhibit photosyn- 
thesis, and various herbicides have been introduced with 
this intention. A notable example is DCMU (dichloro- 
phenyl dimethyl urea) which short-circuits non-cyclic 
electron flow in chloroplasts and thus inhibits the light 
reactions. DCMU has been useful in research on the light 
reactions. 


Pollution 


Low levels of certain gases of industrial origin, notably 
ozone and sulphur dioxide, are very damaging to the leaves 
of some plants, although the exact reasons are still being 
investigated. It is estimated, for example, that cereal crop 
losses as high as 15% may occur in badly polluted areas, 
particularly when compounded with dry conditions as in 
the British summer of 1976. Lichens are very sensitive to 
sulphur dioxide. Soot can block stomata and reduce the 
transparency of the leaf epidermis. 


9.26 Suggest some habitats or natural 
circumstances in which (a) light intensity, (6) oxygen 
concentration or (c) temperature might be limiting 
factors in photosynthesis. 
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Fig 9.23 Investigating the need for light in phe thesis 
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lime water to absorb any 
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Fig 9.24 Investigating the need for carbon dioxide in 
Photosynthesis 


Experiments: To investigate conditions required 
Tor, and products of photosyn- 
thesis 


As an indication that photosynthesis has occurred some 
product of the process can be identified. The first product is 
| 


phosphoglyceric acid which is rapidly converted to a 
number compounds, including sugars and thence 
starch. The latter can be tested for very easily and can be 
taken as an indication that photosynthesis has occurred, 
providing that the precaution is taken of starting the 
experiment with a destarched leaf or plant. 


Destarching a plant 

A plant can be destarched by leaving it in the dark for 
24-48 h s advisable to check that destarching is 
complete betore attempting the following experiment. 


9.27 Why does this result in destarching? 


Experiment 9.2: To test a leaf for starch 


Materials 

leaf to be tested hot water bath 

test tub: 90% ethanol 

forcep iodine/potassium 

white ti iodide solution 
Method 
Starch can be detected using iodine/potassium iodide 
solution (|./K!) but the leaf must first be decolourised 
because the green colour of the chlorophyll masks the 


colour c e. This is achieved by placing the leaf in a 
test-tube of boiling 90% ethanol in a water bath for as long 
as necessary (naked flames must be avoided because 
ethanol is highly inflammable). 

The decolourised leaf is rinsed in hot water to remove 
ethanol and soften the tissues, spread on a white tile, and 
iodine solution poured on its surface. The red-brown 
Solution stains any starch-containing parts of the leaf 
blue-black. 


Experiment 9.3: To investigate the need for light 
Materials 


destarched leafy plant 
light source such as 
a bench lamp 


Method 


Although the destarching process itself demonstrates the 

need for light, the requirement can be investigated further 

by Placing strips of black paper or metal foil over 

destarched leaves and exposing them to light for several 

oe Procedure and expected results are shown in fig 
23, 


black paper or metal foil 
starch test materials 


9.28 How would you criticise the ex- 
perimental design and modify the experiment to take 
into account your criticisms? 


Experiment 9.4: To investigate the need for 
carbon dioxide 
Materials 


destarched leafy plant 
such as potted 


starch test materials 
250 cm? conical flask 


geranium clamp and clamp stand 
(Pelargonium) limewater 

light source such as 
a bench lamp 

cotton wool 


20% potassium 
hydroxide solution 


Method 

Fig 9.24 illustrates a suitable procedure for investigating 
the need for carbon dioxide. The plant should be left for 
several hours in the light before testing the relevant leaves 
for starch. 


9.29 Describe the conditions to which 
you would subject the control leaf. 


A more satisfactory experiment showing the use of 
carbon dioxide is one involving the uptake of “CO, 
(radioactively labelled carbon dioxide) into sugars and 
other compounds. 


Experiment 9.5: To investigate the need for 
chlorophyll 


Materials 
plant with variegated leaves such as Chlorophyton, 
variegated ivy, geranium, maple or privet 
starch test materials 


Method 

A number of plants have variegated leaves, that is leaves 
with green and non-green areas, the latter having no 
chlorophyll. Examples are given above. If the starch test is 
carried out on such a leaf, after careful mapping of the 
green and white (non-green) areas, it will be seen that only 
the green, chlorophyll-containing areas contain starch. 
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Experiment 9.6: To investigate the evolution of 


oxygen 
Materials 
Canadian pondweed sodium hydrogen- 
(Elodea) carbonate 
test-tube 400 cm? beaker 
glass funnel wooden splint 
light source such as a plasticine 
bench lamp 
Method 


The simplest method to demonstrate that oxygen is a 
product of photosynthesis is to use a well-illuminated 
aquatic plant, such as Elodea, from which oxygen gas can 
be collected over water as shown in fig 9.25. A quantitative 
method is discussed in the next section. 


oxygen gas - rekindles 
glowing splint 


test-tube___ 


beaker _ 
60 W or 100 W light 


water (or 0.5% 
NaHCO, (sodium 
hydrogencarbonate) 
solution to enrich CO, 
content) 


L — Elodea 


funnel — 


plasticine to anchor. 
funnel 


Fig 9.25 Investigating the evolution of oxygen during 
photosynthesis 


syringeclip. 


9.6 Measuring rates of photosynthesis 
9.30 From the equation for photosyn- 
thesis, what changes in the substances taken up and 
produced might be used to measure the rate of 
photosynthesis? 


In section 9.5 certain external factors (such as light 
intensity, carbon dioxide concentration and temperature) 
were shown to affect the rate of photosynthesis. When a 
particular factor is being investigated, it is essential thai 
other factors are kept constant and, if possible, at optim: 
levels so that no other factor is limiting. 


9.6.1 The rate of oxygen evolution 


Measuring the rate of oxygen evolution from ; 
water plant is the simplest way to measure the rate 
photosynthesis. 


syringe — 


graduatedscale — — 


bubbles collect here. — 


board 


plastic tube connector 


capillary tube 


flared end of capillary tube... 
water bath (heat filter) 


thermometer 


Fig 9.26 Apparatus for measuring the rate of oxygen 
evolution by a water plant during photosynthesis 


— plastic tube 


—test-tube containing pond water or 
dilute sodium hydrogencarbonate solution 


— Elodea shoot (cut at top end) 


Experiment 9.7: To investigate the effect of light 
intensity on the rate of photo- 


synthesis 
Materials 

apparatus for collecting metre rule 

gas as shown in Stopclock 

fig 9.26 light source such as bench 
test-tube lamp 
400 cm? beaker Canadian pondweed 
thermometer (Elodea), previously well 


mercury vapour lamp illuminated for several 


or projector lamp hours 
sodium hydrogen- detergent (washing-up 
carbonate liquid) 
viethod 


5 advisable to use Elodea that has been well illuminated 
id is known to be photosynthesising actively. The 
'ddition of 2-10 g of sodium hydrogencarbonate to each 
ire of pond water may stimulate photosynthesis if there 
e no obvious signs of bubbles being produced (this 
increases carbon dioxide availability). The water could 

:'so be aerated for an hour before the experiment. 

(1) Cut the stem of a bubbling piece of Elodea to about 

5 cm long with a sharp scalpel and place it, cut surface 

upwards, in a test-tube containing the same water that 

it has been kept in. 

Stand the test-tube in a beaker of water at room 

temperature. Record the temperature of the water, 

which acts as a heat shield, and check it at intervals 
throughout the experiment. It should remain constant 
and the water be renewed if necessary. 

3) Fill the apparatus with tap water, ensuring that no air 
bubbles are trapped in it and push the plunger well in to 
the end of the syringe (fig 9.26). 

(4) Darken the laboratory. Place a bright light source 5 cm 
from the plant. 

(5) Allow the plant to adjust to the light intensity (equili- 
brate) for 2-3 min. Ensure that the rate of bubbling is 
adequate (such as more than 10 bubbles per minute). 
A trace of detergent is sometimes sufficient to lower the 
surface tension to allow freer escape of bubbles. 

(6) Position the Elodea so that its bubbles are collected in 
the capillary tube of the apparatus. Start timing. 

(7) Collect a suitable volume of gas in a known period (for 
example 5—10 min). Measure the length of the bubble 
by drawing it slowly along the capillary tube by means 
of a syringe. The bubble can thus be positioned along 
the scale. 


(8) Draw the bubble into the plastic tube connector where it 
will not interfere with subsequent measurements and 
repeat the procedure at increasing distances between 
the light source and Elodea, such as 10, 15, 20, 30, 40 
and 80 cm. In each case allow time for the plant to 
equilibrate. The following three measurements are 
required under each condition: (a) the distance 
between plant and light source, (b) the time taken to 
collect the gas, and (c) the length of the gas bubbles 
collected (this measurement is directly proportional to 
volume and is used as a measurement of volume). 


Results 

The intensity of light falling on a given object is inversely 
proportional to the square of the distance from the source. 
In other words, doubling the distance between the weed 
and the lamp does not halve the light intensity received by 
the weed, but quarters it. 


1 
Ll x ae 
where Ll/is the light intensity and dis the distance between 
object and light source. Plot a graph with rate of 
photosynthesis on the vertical axis (as length of gas bubble 
per unit time) and L/on the horizontal axis (as 1/d? or, more 
conveniently, 1 000/d?). 


9.31 (a) State the relationship between 
gas production and light intensity demonstrated by 
your results. 

(b) Why was the laboratory darkened and the 
temperature kept constant? 

9.32 What are the main sources of in- 
accuracy in this experiment? 

9.33 Ifthe gas is collected and analysed it 
is found not to be pure oxygen. Can you account for 
this? 

9.34 Why is it advisable to aerate the 
water before beginning the experiment? 


If a simpler, quicker, though slightly less accurate 
method is required, the rate of oxygen evolution can be 
determined by counting the number of bubbles evolved 
from the cut end of a stem of Elodea in a given time period. 
This can be just as satisfactory, but errors may occur 
through variations in bubble size. This problem is less 
likely to arise if a trace of detergent is added to lower the 
surface tension (see (5) above). The Elodea can be 
anchored to the bottom of the tube with plasticine if 
necessary. 
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9.7 Compensation points 


Photosynthesis results in uptake of carbon 
dioxide and evolution of oxygen. At the same time 
respiration uses oxygen and produces carbon dioxide. If 
light intensity is gradually increased from zero, the rate of 
photosynthesis gradually increases accordingly (fig 9.22). 
There will come a point, therefore, when photosynthesis 
and respiration exactly balance each other, with no net 
exchange of oxygen and carbon dioxide. This is called the 
compensation point, or more precisely the light compensa- 
tion point, that is the light intensity at which net gas 
exchange is zero. 

Since carbon dioxide concentration affects the rate of 
photosynthesis there also exists a carbon dioxide compensa- 
tion point. This is the carbon dioxide concentration at 
which net gas exchange is zero for a given light intensity. 
The higher the carbon dioxide concentration, up to about 
0.196 (1 000 ppm, parts per million), the faster the rate of 
photosynthesis. For most temperate plants the carbon 
dioxide compensation point, beyond which photosynthesis 
exceeds respiration, is 50-100 ppm, assuming light is not a 
limiting factor. Atmospheric carbon dioxide concentra- 
tions are normally in the range 300-400 ppm, and therefore 
under normal circumstances of light and atmospheric 
conditions this point is always exceeded. 


Experiment 9.8: To investigate gas exchange in 
leaves 
Materials 


four test-tubes 
thoroughly cleaned 
and fitted with rubber 


unbleached cotton wool 
no. 12 cork borer 
water bath with 


bungs test-tube clamps 
forceps bench lamp 
test-tube rack freshly picked leaves 
2 cm? syringe hydrogencarbonate 
aluminium foil indicator 


The hydrogencarbonate indicator (bicarbonate indica- 
tor) solution should be freshly equilibrated with the 
atmosphere by bubbling fresh air through it until cherry red. 
Hydrogencarbonate indicator is supplied as a concen- 
trated solution and must be diluted by a factor of ten for 
experimental use. To equilibrate with atmospheric carbon 
dioxide, air from outside the laboratory should be pumped 
through the solution. A suitable method is to place the 
solution in a clear glass wash-bottle to which a tube is 
attached whose free end is hung from a window. A filter 
pump is then used to bubble air through the solution until 
there is no further colour change. The colour of the 
indicator at this stage is a deep red but will appear 
orange-red in the test-tubes. Time must be allowed for this 
procedure before the start of the experiment (100 cm? of 
indicator will need to be aerated for at least 20 min). 
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Method 


(1) Label four test-tubes A, B, C and D. 

(2) Rinse the four tubes and a 2 cm? syringe with a little of 
the indicator solution. 

(3) Add 2 cm? of the indicator solution to each tube by 
means of the syringe. Avoid putting fingers over the 
ends of the tubes since the acid in sweat will affect the 
indicator. Also avoid breathing over the open ends of 
the tubes. 

(4) Cover the outside of the tubes A and C with aluminium 
foil. 

(5) Set up the tubes as shown in fig 9.27, using two leaf 
discs per tube, cut from a fresh leaf with a number 12 
cork borer. 

(6) Arrange the tubes in such a way that they are equally 
illuminated by a bench lamp. 

(7) Place a heat filter in the form of a glass tank of water 
between the tubes and the light source to prevent arise 
in temperature during the experiment. Alternatively, 
the tubes can be clamped in a water bath. 

(8) Note the colour of the indicator in each tube. 

(9) At intervals shake the tubes gently and leave for at 
least 2 h, preferably overnight. Record the final colour 
of the indicator in each tube as seen against a white 
background. 


leaf discs 


tightly fitting 
rubber bung Ù 
aluminium foil... / 

/ 
cotton wool SEN 

l light light —light 
hydrogen- 4 
carbonate 
- indicator Dark Light Dark Light 
solution Leaf dises Leaf discs Leafdises Leaf dises 
present present absent absent 
L Controls | 


Fig 9.27 Experiment to investigate gaseous exchange in 
leaf discs 


Results 


Results can be interpreted using the following guide to 
colour changes. 


yellow orange red purple 


—— net carbon dioxide production — -net carbon dioxide uptake —— 


increasing acidity ——-——_ 


increasing alkalinity ————— — — — — — —- 


If conditions become more acidic, this can be assumed 
to be the result of carbon dioxide being produced and 
dissolving in the indicator solution. If conditions become 
less acidic, this indicates a lowering of carbon dioxide 
concentration. 


9.35 What can you conclude from your 
results and why were the controls necessary? 


9.36 What is the name given to the 
equilibrium point where there is no further net uptake 
or production of carbon dioxide by the leaf discs in 
iube B? : 


Modifications of this experiment 


(1) Comparing rates of photosynthesis. By using leaf 
discs as described, rather than whole leaves, com- 
parative studies may be carried out using different light 
intensities, or, for example, old and young leaves on 
the same plant, yellow and green areas of variegated 
leaves, leaves of different species (such as a C, and a 
C, plant — see C, photosynthesis). To compare rates of 
photosynthesis, colours of the indicator solutions can 
be compared during or at the end of the experiment as 
appropriate. If light intensity is investigated, a mercury 
vapour lamp should be used. An interesting compar- 
ison can be made between shade-loving plants, such 
as enchanter's nightshade (Circaea lutetiana), and 
other species to determine whether the former are 
capable of photosynthesising at lower light intensities 
(that is they have lower light compensation points). 

(2) Using water plants instead of leaf discs. Water 
plants such as Elodea may be used, providing they are 
washed well in distilled water to remove traces of dirt 
and pond water in order to minimise any contribution 
from micro-organisms. The plants should be placed 
directly in sufficient indicator solution to cover them. 
The solution has little effect on the plants during the 
course of the experiment. 


9.8 Photorespiration and C, 


photosynthesis 


9.8.1 Photorespiration 


Photosynthesis is believed to have evolved in 
an atmosphere much richer in carbon dioxide than it is 
today, but one containing relatively little oxygen, probably 
about 0.02% oxygen compared with 21% today. Since 1920 
it has been known that oxygen generally inhibits photo- 
synthesis and the reason for this was discovered in 1971. It 
was shown that the carbon-dioxide-fixing enzyme, ribulose 
bisphosphate carboxylase (RuBP carboxylase) will accept 
not only carbon dioxide but also oxygen as a substrate. 
The two gases compete, in fact, for the same active site. 


If oxygen is accepted the following reaction is catalysed: 


RuBP oxygenase s 
(1) O, + RuBP—— — — —- phosphoglycolate + PGA 


5C 2c 3C 


Compare with the usual carbon dioxide-fixing process: 
RuBP carboxylase 

(2) CO, + RuBP =T 2PGA 
5C 2x3C 


Reaction (1) is called an oxygenation; the same enzyme is 
therefore called RuBP oxygenase in this reaction and RuBP 
carboxylase in reaction (2). In reaction (1), one molecule 
each of phosphoglyceric acid (PGA) and phosphoglycolate 
are formed instead of the two PGA molecules in reaction 
(2). Phosphoglycolate (phosphoglycolic acid) is converted 
immediately to glycolate (glycolic acid) by removal of the 
phosphate group. 

Oxygen is therefore a competitive inhibitor (section 6.5) 
of carbon dioxide fixation and any increase in oxygen 
concentration will favour the uptake of oxygen rather than 
carbon dioxide, and so inhibit photosynthesis. Conversely 
an increase in carbon dioxide concentration will favour the 
carboxylation reaction. 

The plant now has the problem of what to do with the 
glycolate and the pathway which deals with it is called 
photorespiration. Photorespiration is defined as a light- 
dependent uptake of oxygen and output of carbon dioxide. 
It is in no way related to normal respiration (now 
sometimes called dark respiration to avoid confusion) and 
only resembles it in that oxygen is used and carbon dioxide 
produced. It is light-dependent because a supply of RuBP 
is only available when photosynthesis is operating, RuBP 
being a product of the Calvin cycle. The function of 
photorespiration is to recover some of the carbon from the 
excess glycolate. The pathway involved is illustrated in fig 
9.28. Details of the pathway can be ignored but the 
following four main points emerge. 

(1) Oxygen is used (a) when glycolate is oxidised to 
glyoxylate in the peroxisome, and (5) when glycine is 
oxidised to serine in the mitochondrion. 

(2) There is a wasteful loss of carbon as carbon dioxide 
when glycine is oxidised to serine. 

(3) There is a wasteful loss of energy as NADPH, and ATP 
are used. Although ATP is produced when glycine is 
oxidised to serine, the overall process is energy- 
consuming. 

(4) Three different organelles are involved, that is chloro- 
plasts, peroxisomes and mitochondria. Peroxisomes 
are briefly described in chapter 7 (fig 7.6). 

Overall, one molecule of PGA containing 3C atoms is 
produced from two molecules of glycolate (2 X 2C atoms), 
that is three carbon atoms out of four are recovered from 
the waste glycolate. Since intermediates such as glycine can 
be made more efficiently by other pathways, there seems to 
be no other function for the pathway. 
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phosphoglycolate + PGA ——»Calvin cycle 
ADP 


ATP 


glycolate glycerate 


CHLOROPLAST 


H,O, + 
glyoxylate 


hydroxypyruvate PEROXISOME 


MITOCHONDRION 


2x ow ek serine +NH, + ATP 


0; co, 


Fig 9.28 (a) Pathway of photorespiration. Note oxygen is 
used and carbon dioxide produced. Also RuBP is used and 
this can only be produced by photosynthesis in the light. 

(b) Electron micrograph showing the intimate relationship 
between chloroplasts, peroxisomes and mitochondria typical 
of leaf mesophyll cells (x 38 700) 


The carbon lost represents carbon that had previously 
been fixed at the cost of energy. Also, the ammonia 
released when glycine is oxidised to serine must be 
reincorporated into amino acids at the expense of ATP. 


9.37 How does a knowledge of photo- - 
respiration help to explain the known effects of - 
carbon dioxide and oxygen concentration on rates of 
_ photosynthesis? F 

9.38 What. environmental. conditions 
favour photorespiration? : i 


oje 


276 are Pi 


(b) 


M mitochondrion 


C chloroplast 


Summary of photorespiration 


(1) It is a light-dependent uptake of oxygen and output of 
carbon dioxide. 

(2) It bears no relation to normal respiration (‘dork 
respiration’). 

(3) It occurs as a result of RuBP carboxylase accepting 
oxygen as well as carbon dioxide; unwanted glycolate is 
produced as a result. The remaining reactions are a 
means of recovering some of the carbon from glycolate. 

(4) Two molecules of glycolate (total four carbon atoms) 
are converted to one molecule of PGA (three carbon 
atoms) at the expense of energy. Oxygen is used and 
wasteful loss of the fourth carbon atom as carbon 
dioxide occurs. 

(5) It reduces the potential yield of C, plants by 30-40%. 


9.8.2 C, photosynthesis 


In 1965 it was shown that the first products of 
photosynthesis in sugarcane, a tropical plant, appeared to 
be acids containing four carbon atoms (malic, oxaloacetic 
and aspartic) rather than the 3C-acid PGA of Chlorella and 
most temperate plants. Many plants, mostly tropical and 
some of great economic importance, have since been 
identified in which the same is true and these are called C, 
plants. Examples are the monocotyledons maize (Zea), 


P peroxisome 


Sorghum, sugarcane (Saccharum) and millet ( Eleusine); 
the dicotyledons include Amaranthus and some Euphorbia 
species. Plants in which the first product of photosynthesis 
is the C,-acid PGA are called C, plants. It is the 
biochemistry of the latter plants which has been described 
so far in this chapter. 

In 1966, two Australian workers, Hatch and Slack 
showed that C, plants were far more efficient at taking up 
carbon dioxide than C; plants: they could remove carbon 
dioxide from an experimental atmosphere down to 

| ppm compared with the 50-100 ppm of temperate 
plants, that is they had low carbon dioxide compensation 
points. Such plants show no apparent photorespiration. 
rhe new carbon pathway in C, plants is called the 
4atch-Slack pathway. Subtle variations exist but the 
] is in a typical C, plant, maize, will be described. C, 
‘lants possess a characteristic leaf anatomy in which two 
igs of cells are found around each of the vascular bundles. 
1e inner ring, or bundle sheath cells, contains chloroplasts 

:ich differ in form from those in the mesophyll cells in the 
cuter ring. The chloroplasts in the plants are therefore 

scribed as dimorphic. Figs 9.29 (a) and (5) illustrate this 

»-called ‘Kranz’ anatomy (Kranz means crown or halo, 
referring to the two distinct rings of cells). The biochemical 

:thway that takes place in these cells is summarised below 
and in fig 9.30. 


Hatch-Slack pathway 
Fhe Hatch-Slack pathway is a pathway for transporting 
rbon dioxide and hydrogen from mesophyll cells to 
bundle sheath cells. Here carbon dioxide is fixed as in C, 
plants, as shown in fig 9.30, and reduced using the 
hydrogen. 


Acceptance of carbon dioxide (carbon dioxide 
fixation) in mesophyll cells. Carbon dioxide is fixed in the 
cytoplasm of the mesophyll cells as shown below: 


PEP carboxylase 
L——— E. 


PEP + CO, oxaloacetate 
i phosphoenolpyruvate) 4C 
3C 


The carbon-dioxide-acceptor is phosphoenolpyruvate 
(PEP) instead of RuBP and the enzyme is PEP carboxylase 
instead of RuBP carboxylase. PEP carboxylase has two 
enormous advantages over RuBP carboxylase. First, it has 
a much higher affinity for carbon dioxide, and secondly it 
does not accept oxygen and hence does not contribute to 
photorespiration. Oxaloacetate is converted to malate or 
aspartate, both 4C-acids. They possess two carboxyl 
(—COOH) groups, that is they are dicarboxylic acids. 


Malate shunt. Malate is shunted through 
plasmodesmata in the cell walls to the chloroplasts of the 
bundle sheath cells, where it is used to produce carbon 
dioxide (decarboxylation), hydrogen (oxidation) and pyru- 
vate. The hydrogen reduces NADP to NADPH. 


(b) 
cytoplasm— 


-vacuole 


of bundle 
sheath cell 


intergranal lamellae — grana 
poorly developed ` 


Fig 9.29 (a) ‘Kranz’ anatomy, characteristic of C4 plants. 
Micrograph of a crabgrass (Digitaria sargurnalis) leaf cross 
section to show the dimorphism between bundle sheath 
Chloroplasts and mesophyll chloroplasts. Grana in the bundle 
sheath are only rudimentary, whereas they are prominent in 
the mesophyll. Starch grains are present in both. 
(Magnification x 4 000). (b) Electron micrograph of maize leaf 
showing two types of chloroplasts found in bundle sheath 
cells and mesophyll cells (x 9 900) 
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PATHWAY OF CO, 


CO, in air (0.03 — 0.04%) | 


MESOPHYLL CELL 


Y 


(3C) 


( PEP + CO, PEP carboxylase 
1 ——ÀÀ 


takes place in cytoplasm 


oxaloacetate ) 


CO, fixation into a C, acid 
(4C) 


[E 


regeneration of CO, 


s” 2ADP 
acceptor (PEP) 


—2ATÉ 
pyruvate 
(3C) 


—NADPH, 


—» NADP 


T =. 


j 


pyruvate + 
(3C) 


recycling of pyruvate to L 
mesophyll p > 


BUNDLE SHEATH CELL 


cov malate __ 

NON É N (4C) ^77--.| 
ADPH, NADP — 

RuBP carboxylase ^ae) ) 


malate Y 
(4C) 
E = [L C, acid shunted to bundle 
E sheath 


CO, released again and ( 
concentration builds up i 
become much higher tha; 
atmospheric 


GC) 


CO, fixed again, this tim: 
into a C, acid;high CO 
concentration ensures 


Key 
PEP 
PGA 
RuBP ribulose bisphosphate 


GED CO, fixation reactions 


Regeneration of the carbon dioxide accep- 
tor. Pyruvate is returned to the mesophyll cells and is 
used to regenerate PEP by addition of phosphate from 
ATP. This requires the energy from two high-energy 
phosphate bonds. 


phosphoenol pyruvate 


phosphoglycerate 


Net result of C, pathway 


The net result of the C, pathway is the use of two high 
energy phosphate bonds to transport carbon dioxide and 
hydrogen from the mesophyll cells to the chloroplasts of 
the bundle sheath cells. 


Refixation of carbon dioxide in the 
bundle sheath cells 


Carbon dioxide and NADPH, are produced, as well as 
pyruvate, in the bundle sheath chloroplasts (see malate 
shunt above). The carbon dioxide is refixed by RuBP 
carboxylase in the conventional C, pathway, and the latter 
also uses the NADPH, 

Since every carbon dioxide molecule has had to be fixed 
twice, the energy requirement is roughly double in C, 
photosynthesis compared with C, photosynthesis. At first 
sight then, the transport of carbon dioxide by the C, 
pathway seems pointless. However, fixation using PEP 
carboxylase in the mesophyll is so efficient that a high 
concentration of carbon dioxide accumulates in the bundle 
sheath. This means that the RuBP carboxylase works at an 
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efficient fixation by Rub} 
carboxylase 


Fig 9.30 Simplified outline of C, pathway coupled with C, 
fixation of carbon dioxide. Transport of carbon dioxide from «ir 
to bundle sheath is shown, together with final fixation of 
carbon dioxide into the C, acid PGA 


advantage compared with the same enzyme in C, plants, 
where carbon dioxide is at atmospheric concentration. 
There are two reasons for this: firstly, like any enzyme it 
works much more efficiently at high substrate concentra- 
tions; and secondly, photorespiration is inhibited, because 
oxygen is competitively excluded from the enzyme by 
carbon dioxide. 

The main advantage of C, photosynthesis therefore is 
that it improves the efficiency of carbon dioxide fixation 
and prevents wasteful loss of carbon by photorespiration. It 
is an addition rather than an alternative to the C, pathway. 
As a result, C, plants are photosynthetically more efficient 
because the rate of carbon dioxide fixation is normally the 
limiting factor in photosynthesis. C, plants consume more 
energy by using the C, pathway, but energy is not normally 
the limiting factor in photosynthesis, and C, plants grow in 
regions of high light intensity as well as having modified 
chloroplasts for making more efficient use of available 
energy (see below). 


Table 9.7 Differences between mesophyll and bundle 
sheath chloroplasts in C, plants. 


Mesophyll chloroplasts Bundle sheath chloroplasts 


Large grana 
Therefore photosystem II 
activity high, so plenty of 


No grana (or very few and small) 
Therefore photosystem II 
activity low, so little NADPH, 
ATP, NADPH, and O, or O, generated (some ATP 
generated. from photosystem I) 


Virtually no RuBP carboxylase High concentration of RuBP 
so no CO, fixation (CO, carboxylase so CO, fixation 
fixation occurs in cytoplasm occurs 

by PEP carboxylase) 


Little starch Abundant starch grains 


Mesophyll and bundle sheath 
chloroplasts 
Table 9.7 summarises the important differences between 
mesophyll and bundle sheath chloroplasts, some of which 
are visible in fig 9.29. 


9.39 Which type of chloroplast is special- 
ised for light reactions and which for dark reactions? 

9.40 Why is it an advantage that bundle 
sheath chloroplasts lack grana? 

9.41 The malate shunt is, in effect, a 
carbon dioxide and hydrogen pump. What is the 
advantage of this? 

9.42 What would be the effect of lowering 
oxygen concentrations on (a) C, photosynthesis, (b) 
C, photosynthesis? Explain your answers. 


Table 9.8 Comparison of C, and C, plants. 


9.8.3 Significance of photorespiration and 
the C, pathway 

Photorespiration can be regarded as an unfor- 
tunate consequence of the increase in the oxygen concen- 
tration of the Earth's atmosphere (itself a result. of 
photosynthesis) and of the ability of RuBP carboxylase to 
accept oxygen as well as carbon dioxide. It is wasteful of 
both carbon and energy and it has been estimated that it 
reduces the net rate of photosynthesis, and hence the 
potential yield, of C; plants by as much as 30-50%. Hence 
it is of great economic significance, notably in crop plants. 
Various ways of inhibiting the process are being sought. 
One method would be to grow crops in atmospheres with 
artificially reduced oxygen concentrations, but this is 
difficult. Another is to artificially increase carbon dioxide 
concentrations to 0.1-1.596, a five-fold increase over 
atmospheric, though this is commercially viable only for 
high-cash crops grown in greenhouses, such as tomatoes 
and flowers. Breeding C, genes into C, plants may prove 
possible and the techniques of genetic engineering may 
eventually prove useful. 

The C, pathway is thought to be more recently evolved 
than the C, pathway and involves both a superior 
carbon-dioxide-fixing mechanism and a means of inhibiting 
photorespiration. Thus C, plants increase in dry mass more 
rapidly than C, plants and are more efficient crop plants. 

They have evolved chiefly in the drier regions of the 
tropics, for which they are adapted in two major ways. 
First, their maximum rate of carbon dioxide fixation is 
greater; therefore the higher light intensities and tempera- 
tures of the tropics are more efficiently exploited. Second- 
ly, C, plants are more tolerant of dry conditions. Plants 
usually reduce their stomatal apertures in order to reduce 
water loss by transpiration, and this also reduces the area 
for carbon dioxide entry. Carbon dioxide is fixed so rapidly 


C, plants C, plants 


Carbon dioxide Occurs once 
fixation 
Carbon dioxide RuBP, a 5C-compound 
acceptor 
Carbon dioxide — 


fixing enzyme 


RuBP carboxylase, which 
is inefficient 


Mesophyll cells 
SP, a 3C-compound 


PEP carboxylase which is very efficient RuBP carboxylase, working efficiently 


Occurs twice, first in mesophyll cells, then in bundle sheath cells 


Bundle sheath cells 
RuBP 


because carbon dioxide concentration is 
high 


First product of 
photosynthesis 
Leaf anatomy 


Photorespiration 


Efficiency 


A C, acid, PGA 


Only one type of 
chloroplast 

Occurs; therefore oxygen 
is an inhibitor of photo- 
synthesis 

Less efficient photo- 
synthesis than C, plants. 


Yields usually much lower. 


A C, acid, e.g. oxaloacetate 


‘Kranz’ anatomy, i.e. two types of cell, each with its own type of chloroplast 


Is inhibited by high carbon dioxide concentration. Therefore atmospheric 
oxygen is not an inhibitor of photosynthesis. 


More efficient photosynthesis than C, plants. Yields usually much higher. 


e 
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in C, plants that a steep carbon dioxide diffusion gradient 
can still be maintained between external and internal 
atmospheres, thus allowing faster growth than C; plants. C, 
plants lose only about half the water that C; plants lose for 
each molecule of carbon dioxide fixed. 

However, in cooler, moister, temperate regions with 
fewer hours of high light intensity, the extra energy (about 
15% more) required by C, plants to fix carbon dioxide is 
more likely to be a limiting factor and C; plants may even 
have a competitive advantage in such situations. 

9.9 Photosynthetic bacteria and 
blue-green algae 


Since photosynthesis probably first appeared 
in prokaryotes, details of the process in these organisms are 
of interest. In table 9.9 some of the more important 
comparisons between pro- and eukaryotes are made. 

Three groups of photosynthetic bacteria occur, as 
follows. 


Green sulphur bacteria (for example 
Chlorobium). Anaerobic bacteria using hydrogen sul- 
phide (H,S) or other reduced sulphur compounds as 
hydrogen (electron) donors. 


Table 9.9 Comparison of photosynthesis in prokaryotes 
and eukaryotes. 


Prokaryotes Eukaryotic plants 


Bacteria Blue-green algae 


Chloroplasts 
(each equivalent 
to a prokaryotic 
cell?) 


No chloroplasts No chloroplasts 


Membranes Membranes Membranes in 
present as present throughout chloroplasts 
extensions of the cytoplasm 


plasma membrane; 
called 
chromatophores 


Membranes not 
stacked 


Photosystem II 
absent; therefore 
no oxygen 
produced 
Hydrogen donor 
variable e.g. H,S, 
H,, organic com- 
pounds, not water 
Primary pigment is 
bacteriochlorophyll 
No phycobilins 


Membranes not 
stacked 


Photosystem II 
present; therefore 
oxygen produced 
from water 
Water acts as 
hydrogen donor 


Primary pigment is 
chlorophyll 

Also contain 
phycobilins (a third 
class of photo- 
synthetic pigment) 


Membranes 
usually stacked, 
forming grana in 
higher plants 
Photosystem II 
present; therefore 
oxygen produced 
from water 
Water acts as 
hydrogen donor 


Primary pigment 
is chlorophyll 
Phycobilins only 
in red algae (a 
primitive 
feature) 
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For example, 


light 
2H,S + CO, = 


bacteriochlorophyll 
Sulphur is deposited. 


[CH;O] + 2S + H;O 


Purple sulphur bacteria (for example 
Chromatium). Red and brown pigments (carotenoids) 
dominate bacteriochlorophyll making the cells appear 
purple. They are mostly anaerobic and details of photo- 
synthesis are as above. 


Purple non-sulphur bacteria (for example 
Rhodospirillum). Bacteria using organic compounds as a 
source of hydrogen to reduce either carbon dioxide 
(photoautotrophic) or an organic carbon source (pho!o- 
heterotrophic). 


9.10 


Chemosynthesis 


Chemosynthetic organisms — (chemoauto- 
trophs) are bacteria using carbon dioxide as a carbo 
source but obtaining their energy from chemical reactions 
rather than light. The energy is obtained by oxidising 
inorganic materials such as hydrogen, hydrogen sulphide, 
sulphur, iron(II), ammonia and nitrite. 


Iron bacteria (for example Leptothrix). 


oxygen 


Fe?* Fe? + energy 


Full equation: 
4FeCO, +O, +6H,O —> 4Fe (OH), + 4CO, + energy 


Colourless sulphur bacteria (for example 
Thiobacillus). 


oxygen or 
nitrate 


S 
sulphur 


so? 
sulphate + energy 
Full equation: 2S + 30, + 2H,O —~ 2H,SO, + energy 
Under anaerobic conditions some species use nitrate ss a 


hydrogen acceptor, thus carrying out denitrification (sce 
section 9.11.1). 


Nitrifying bacteria (see section 9.11.1). 
N H,* oxygen 
ammonium 


NO, + 
nitrite 


Full equation: 2NH, + 30,—2HNO, + 2H,O + energy 


energy (for example 
Nitrosomonas) 


No, =e NO, + energy (for example Nitrobacter) 
Full equation: 2HNO, + O, 2HNO, + energy 


In the above examples oxygen is an electron (hydrogen) 
acceptor and the bacteria are aerobic. 

Chemosynthetic bacteria play important roles in the 
biosphere, principally in maintaining soil fertility through 
their activities in the nitrogen cycle. 


9.11 


Mineral cycles (biogeochemical 
cycles) 


9.11.1 The nitrogen cycle 


The atmosphere contains 79% by volume of 
nitrogen, yet nitrogen is relatively scarce in combined 
(fixed) form because it is rather inert chemically. Nitrogen 
is an essential constituent of amino acids, and hence 
proteins, and it limits the supply of food available in 
ecosystems more than any other plant nutrient. The only 
way in which it can be made available to living organisms is 
vin nitrogen fixation, an ability confined to certain 
prokaryotes, although the techniques of genetic engineer- 
inp may eventually lead to introduction of the relevant 
genes into green plants. The nitrogen cycle is summarised 
in fig 9.31. 


nitrogen fixation 
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Nitrogen fixation 
Nitrogen fixation is energy-consuming because the two 
nitrogen atoms of the nitrogen molecule must first be 
separated. Nitrogen-fixers achieve this by an enzyme, 
nitrogenase, using energy from ATP. Non-enzymic separa- 
tion requires the much greater energy of industrial 
processes or of ionising events in the atmosphere, such as 
lightning and cosmic radiation. 

Nitrogen is so important for soil fertility, and the demand 
for food production so great, that colossal amounts of 
ammonia are produced industrially each year to be used 
mainly for nitrogenous fertilisers such as ammonium 
nitrate (NH,NO,) and urea (CO(NH,);). The amounts of 
nitrogen fixed commercially are now roughly equal to the 
amounts fixed naturally. We are still relatively ignorant as 
to the effects which the gradual accumulation of fixed 
nitrogen, which is now occurring, will have in the 
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Fig 9.31 Nitrogen cycle 
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Nitrogen fixation processes, in order of 
magnitude 


(D Industrial fixation, e.g. Haber process 


Symbiotic blue-green algae and bacteria, 
e.g. Rhizobium in nodules of legumes 
Free-living blue-green algae and bacteria, 
e.g. Azotobacter, Clostridium 

Action of lightning etc. on oxygen and 
nitrogen 
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biosphere. We have learned through experience of some of 
the problems, such as run-off of nitrate fertilisers into lakes 
and rivers causing an imbalance of salts. This can result in 
the complete loss of life from the water. 

A relatively small amount of fixed nitrogen (5—10%) is 
formed by ionising events in the atmosphere. The resulting 
nitrogen oxides dissolve in rain, forming nitrates. 

The legumes, such as clover, soyabean, lucerne and pea, 
are probably the greatest natural source of fixed nitrogen. 
Their roots possess characteristic swellings called nodules 
which are caused by colonies of nitrogen-fixing bacilli 
(genus Rhizobium) living within the cells. The relationship 
is symbiotic because the plant gains fixed nitrogen in the 
form of ammonia from the bacteria and, in return, the 
bacteria gain energy and certain nutrients, such as 
carbohydrates, from the plants. In a given area legumes can 
contribute as much as 100 times more fixed nitrogen than 
free-living bacteria and blue-green algae. It is not surpris- 
ing, therefore, that they are frequently used to add 
nitrogen to the soil, especially since they have the added 
benefit of making good fodder crops. 


9.43 Farmers often say that legumes are 
‘hard on the soil’, meaning that they place a large 
demand on soil minerals. Why should this be so? 


All nitrogen-fixers incorporate nitrogen into ammonia, but 
this is immediately used to make organic compounds, 
mainly proteins (fig 9.31). 


Decay and nitrification 


Most plants depend on a supply of nitrate from the soil for 
their nitrate source. Animals in turn depend directly or 
indirectly on plants for their nitrogen supply. Fig 9.31 
shows how nitrates are recycled from proteins in dead 
organisms by saprophytic bacteria and fungi. The sequence 
from proteins to nitrate is a series of oxidations, requiring 
oxygen and involving aerobic bacteria. Proteins are 
decomposed via amino acids to ammonia when an 
organism dies. Animal wastes and excreta are similarly 
decomposed. Chemosynthetic bacteria (section 9.10) then 
oxidise ammonia to nitrate, a process called nitrification. 


9.44 In which of the nutritional categories 
would you place bacteria and fungi which are 
decomposers? 


Denitrification 
Nitrification can be reversed by denitrifying bacteria 
(denitrification) whose activities can therefore reduce soil 
fertility. They only do this under anaerobic conditions, 
when nitrate is used instead of oxygen as an oxidising agent 
(electron acceptor) for the oxidation of organic com- 
pounds. Nitrate itself is reduced. The bacteria are 
therefore facultative aerobes. It should not be assumed that 
their activities on a global scale are detrimental to the 
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biosphere because it has been estimated that most of the 
atmospheric nitrogen might now be in the oceans or locked 
up in sediments were it not for denitrification. 


9.45 What natural areas or situations 
might favour denitrification? 


9.46 Why should good drainage and 
ploughing increase soil fertility? 


9.11.2 The sulphur cycle 


Fig 9.32 shows the sulphur cycle. Sulphur is 
abundant in the Earth's crust and is available to plants 
principally as sulphate. It is an essential constituent of 
virtually all proteins. 

As with nitrogen, animals depend ultimately on plants 
for their sulphur requirements. In addition to the natural 
sulphur cycle shown in fig 9.32, oxides of sulphur, such as 
sulphur dioxide (SO;), are increasingly being added to the 
atmosphere as a result of burning fossil fuels and the 
smelting of sulphur ores. These are pollutants and when 
dissolved in rain make it acidic. A growing body of 
evidence is suggesting that acid rainfall can have wide- 
spread ecological repercussions. 


9.11.3 The phosphorus cycle 


Phosphorus is an essential constituen! of 
nucleic acids, proteins, ATP and some other vital organic 
compounds. It is a relatively uncommon element and, like 
nitrogen and potassium, is often a limiting factor in the 
productivity of ecosystems. The cycle, shown in fig 9.53, is 
simple because phosphorus forms no natural gaseous 
compounds. Much of the phosphorus that finds its way to 
the oceans becomes locked up in sedimentary deposits. 


9.11.4 The carbon and oxygen cycles 


The carbon cycle is discussed in section 9.1 
and shown in fig 9.2. The oxygen cycle is closely related. 


9.11.5 Summary 


The cycling of materials in the biosphere has 
been shown to involve complex nutritional relationships 
between living organisms. These form part of the study of 
ecology and certain aspects of them are discussed in more 
detail in chapter 12. Bacteria are an integral part of each 
cycle and their activities can therefore be seen to be 
essential in maintaining all life. The different modes of 
nutrition involve autotrophic, heterotrophic, photosyn- 
thetic and chemosynthetic activity. An understanding of 
these cycles is essential to Man if he is to make the best use 
of available materials and to understand the consequences 
of his interference with them. 


absorption by roots, 
followed by assimilation 
(use in metabolism) 


aerobic 
decomposers 


sulphate- 


SO,", SULPHATE 


spontaneous oxidation by 
sulphur bacteria(colourless, 
e.g. Thiobacillus ) 


Fig 9.32 (above) Sulphur cycle 
Fig 9.33 (below) Phosphorus cycle 


decomposers 


EE ANS C ER 


PHOSPHORUS IN 
LIVING ORGANISMS 


OCEANS 


absorption by roots followed by 
assimilation (use in metabolism) 


9.12 


Mineral nutrition of plants and 
animals 


Autotrophic nutrition involves not only the 
synthesis of carbohydrates from carbon dioxide and a 
hydrogen donor, such as water, but the subsequent use of 
minerals like nitrates, sulphates and phosphates to make 
other organic requirements, such as proteins, nucleic acids 
and so on. Heterotrophic organisms also require certain 
minerals to supplement their organic food. In many cases 
the same nutrients are required, and for the same reasons, 
so it is convenient to consider the whole area of mineral 
nutrition as a bridge between autotrophic nutrition 
(chapter 9) and heterotrophic nutrition (chapter 10). 

A nutritional element essential for the successful growth 
and reproduction of an organism is called an essential 
element. The major essential elements for life are carbon, 
hydrogen, oxygen, nitrogen, sulphur, phosphorus, potas- 
sium, sodium, magnesium, calcium and chlorine. In 
addition, certain elements, the trace elements, are essential 
in trace amounts (a few parts per million). Of these, all 
organisms require manganese, iron, cobalt, copper and 
zinc; some also require combinations of molybdenum, 
vanadium, chromium and other heavy metals, as well as 


REDUCED SULPHUR 
IN LIVING 

ORGANISMS e.g. -SH 
in amino acid cysteine 


reducing bacteria (anaerobic) e.g. Desulphovibrio | 


S, SULPHUR 


PHOSPHATES IN 
SOIL, FRESH WATER, 


anaerobic 
decomposers 


[ 


H:S + OTHER 
SULPHIDES 


spontaneous or oxidation by 
sulphur bacteria (colourless: 
or photosynthetic, e.g. 
Chromatium) 


freshwater and ocean deposits 


PHOSPHATES IN 
ROCKS 


erosion 


boron, silicon, fluorine and iodine (see table 5.1). All 
except carbon, hydrogen and oxygen are taken up as 
minerals from soil or water by green plants. The mechan- 
ism of uptake is discussed in chapter 14. 

For heterotrophic organisms (animals and fungi) the 
trace. elements (inorganic) are sometimes grouped with 
vitamins (organic) as micronutrients, since both are 
required in trace amounts and have similar fundamental 
roles in cell metabolism, often as enzyme cofactors, 
Vitamins are considered in chapter 10. Autotrophic 
organisms synthesise their own vitamins. The other 
essential elements are called macronutrients, Deficiency of 
any of the nutrients mentioned can lead to deficiency 
diseases. 

Some examples of the functions of the major minerals 
are given in table 9.10, A study of the table will reveal that 
mineral elements are taken up by plants as separate ions, 
either anions (negatively charged) or cations (positively 
charged). This is also true of trace elements, though their 
ions are not shown in the table, 

Cations fall into two broad categories, namely light 
metals, whose roles in cell metabolism are usually 
associated with their high mobility, and the heavy metals, 
such as iron and copper, which are generally fixed in the 
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Table 9.10 Some essential mineral elements and examples of their uses in living organisms. 


MACRONUTRIENTS 


Element and symbolTaken up by plants as 


Nitrogen, N Nitrate, NO, 


Ammonium, NH,’ 


Phosphate, PO, 
Orthophosphate, 
H,PO, 


Phosphorus, P 


Potassium, K K* 


Sulphur, S Sulphate, SO, 
Sodium, Na Na* 

Chlorine, CI Chloride, Cl 
Magnesium, Mg Mg” 

Calcium, Ca Ca^ 


General importance 


Synthesis of proteins, nucleic 
acids and many other organic 
compounds, e.g. coenzymes 
and chlorophyll. 


Synthesis of nucleic acids, 


ATP and some proteins. Also, 


phosphate is a constituent of 
bone and enamel. Phos- 
pholipids in membranes. 


Mainly associated with 
membrane function, e.g. 
conduction of nervous 
impulses, maintaining 
electrical potentials across 
membranes, K*/Na* 

pump in active transport 
across membranes, anion/ 
cation and osmotic balance. 
Cofactor in photosynthesis 
and respiration (glycolysis). 
Common in cell sap of plant 
vacuoles. 


Synthesis of proteins (e.g. 
keratin) and many other 
organic compounds, e.g. 
coenzyme A. 


Similar to potassium, but 
usually present in lower 
concentrations. Often 
exchanged for potassium. 
Similar to K* and Na'*. e.g. 
anion/cation and osmotic 
balance. Involved in 
"chloride shift" during carbon 
dioxide transport in blood. 
Constituent of hydrochloric 
acid in gastric juice. 

Part of structure of chloro- 
phyll. Bone and tooth 
structure. Cofactor for many 
enzymes, e.g. phosphatases 
(e.g. ATPase). 


Formation of middle lamella 
(calcium pectate) between 
plant cell walls and normal 
cell wall development. 
Constituent of bone, enamel 
and shells. Activates ATPase 
during muscular contraction. 
Blood clotting. 


Common deficiency diseases or symptoms 


Plants Man Common food source for Man 


Protein, e.g. lean meat, fish 
and milk. Milk is rich in 
phosphorus 


Stunted growth and. Kwashiorkor due 
strong chlorosis, to lack of protein 
particularly of 

older leaves 


Stunted growth, 


particularly of 
roots 


Vegetables, e.g. brussels 
sprouts (— buds), and meat. 


Yellow and brown 
leaf margins and 
premature death 


Rarely deficient 


Chlorosis, e.g. 
‘tea-yellow’ of tea 


Protein, e.g. lean meat, fish 
and milk. 


Muscular cramps Table salt (sodium chloride) 


and bacon. 


Muscular cramps Table salt and bacon. 


Chlorosis Vegetables and most other 


foods. 


Poor skeletal 
growth, possibly 
leading to rickets 


Stunted growth Milk, hard water. 


TRACE ELEMENTS - all cations except boron, fluorine and iodine 


Element and symbol Substance containing 


Examples of functions 


Common deficiency diseases or symptoms 


Plants Man Common food source for Man 


Phosphatases (transfer 
PO, groups) 


Manganese, Mn 


Decarboxylases 
Dehydrogenases 
Haem group in: 
haemoglobin and 
myoglobin 


Iron, Fe 


Cytochromes 
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Bone development (a *growth 
factor’) 


Oxidation of fatty acids, 
respiration, photosynthesis. 
Oxygen carriers. 


Electron carriers, e.g. 
respiration, photosynthesis. 


Leaf-flecking, Poor bone 
e.g. grey-speck' in development 
oats 


Vegetables and most other 
foods. 


Anaemia Liver and red meat. Some 


vegetables, e.g. spinach. 


TRACE MENTS -~ all cations except boron, fluorine and iodine 


Element and symbol Substance containing Examples of functions 


Common deficiency diseases or symptoms 


Plants Man Common food source for Man 


Catalase and 
peroxidases 
Other porphyrins 


ran eean Break down H,O, 


Chlorophyll synthesis. 


Cobalt, Co Vitamin B, Red blood cell 


development. 
Copper, Cu Cytochrome oxidase Terminal electron carrier in 
respiratory chain - oxygen 
converted to water. 


Haemocyanin Oxygen carrier in certain 
invertebrates, 
Plastocyanin Electron carrier in 
photosynthesis. 
Tyrosinase Melanin production. 
Zine, Zn Alcohol Anaerobic respiration in 
dehydrogenase plants (alcohol fermentation). 


Carbonic anhydrase Carbon dioxide transport in 


vertebrate blood. 
Carboxypeptidase Hydrolysis of peptide bonds 
in protein digestion, 
Molybdenum, Mo Nitrate reductase 

during amino acid synthesis 


in plants. 
Nitrogenase Nitrogen fixation 
(prokaryotes). 
Boron, B — Plants only. Normal cell 
division in meristems. 
Mobilisation of nutrients? 
Fluorine, F Associated with Component of tooth enamel 
calcium as calcium and bone. 
fluoride in animals 
lodine, 1 Thyroxine Hormone controlling basal 


(Probably not required metabolic rate, 
by higher plants) 


Reduction of nitrate to nitrite 


Strong chlorosis, 
particularly in 
young 


Liver and red meat (as 
vitamin B,.). 


Pernicious 
anaemia 


Dieback of shoots 


Albinism 
"Mottle leaf’ of 
Citrus 
Malformed leaves, 
e.g. ‘sickle leaf of 
cocoa 


Most foods, 


Slight retardation 
of growth; ‘scald’ 
disease of beans 


Abnormal growth Not needed 
and death of 
shoot tips, "heart- 
rot' of beet; 'stem- 
crack' of celery 
Dental decay 
more rapid 


Milk, drinking water in some 
arcas. 
Goitre; cretinism Seafoods, salt 
in children 


membranes of mitochondria and chloroplasts. Animals do 
not obtain all their essential elements in the form of 
minerals. Much of their nitrogen, for example, is ingested 
in the form of proteins. 

The geographical distribution of the minerals, particu- 
larly trace elements, can vary enormously and is one of the 
factors in the environment determining the distribution of 
different plants, and hence, animal species. A balance of 
trace elements is essential for soil fertility. Extreme cases 
are known of plants thriving in areas of high metal 
contamination, such as on spoilage tips from mines or over 
natural mineral deposits, and such plants can prove toxic to 
grazing animals. Conversely, these plants can be useful to 
Man if they help to cover formerly unsightly areas. 


Mineral element deficiencies 


It is not always easy, or possible, to isolate the 
effects of individual minerals. In plants, for example, 
chlorosis (lack of chlorophyll) can be caused by lack of 
magnesium or iron, both having different roles in chlor- 
ophyll synthesis (table 9.10). A common deficiency disease 


9.12.1 


of sheep and cattle called scour, which causes diarrhoea, is 
due to copper deficiency induced by high levels of 
molybdenum in the pastures. Different effects may occur in 
different organisms; lack of manganese, for example, 
causes grey speck in oats, marsh spot in beans and poor 
flavour in oats, 

The close interaction and varied effects of mineral 
elements are due to their fundamental effects on cell 
metabolism. However, it is possible by various means, such 
as experimentally manipulating mineral uptake, to show 
that specific sets of symptoms are associated with deficien- 
cies of certain elements. 

Such knowledge is of importance in both medicine and 
agriculture because deficiency diseases are common world- 
wide, both in Man and in his crops and animals. 

Experiments on plants were done in the late nineteenth 
and early twentieth century, particularly by German 
botanists, using the now classic water culture or sand 
culture techniques. In these experiments, plants are grown 
in prepared culture solutions of known composition. Many 
economically important plant deficiency diseases are now 
catalogued with the aid of colour photography, enabling 
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rapid diagnosis. Although many of the essential roles of the 
mineral elements are established, further physiological and 
biochemical research remains to be done. 


9.12.2 Special methods for obtaining 


essential elements 


Insectivorous plants 


Insectivorous or carnivorous plants are green plants which 
are specially adapted for trapping and digesting small 
animals, particularly insects. In this way they supplement 
their normal autotrophic nutrition (photosynthesis) with a 
form of heterotrophic nutrition. Such plants typically live 
in nitrogen-poor habitats, and use the animals principally 
as a source of nitrogen. Having lured the insect with colour, 
scent or sweet secretions, the plant traps it in some way and 
then secretes enzymes and carries out extracellular diges- 
tion. The products, notably amino acids, are absorbed and 
assimilated. 

Some of the plants are interesting for the elaborate 
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nature of their trap mechanisms, notably the Venus fly trap 
(Dionaea muscipula), pitcher plants (Nepenthes) and 
sundews (Drosera). Drosera is one of the few British 
examples, most being tropical or subtropical. It is found on 
the wetter heaths and moors which are typically acid, 
mineral-deficient habitats. The details of the various 
mechanisms are outside the scope of this book. 


Mycorrhizae 
A mycorrhiza is an association between fungal hyphae and 
a higher plant, commonly occurring in the roots of vascular 
plants. As with carnivorous plants, they often grow in 
nutrient-deficient habitats. The relationship is usually 
symbiotic and is discussed more fully in section 3.1.1. 


Root nodules 


Nitrogen fixation in root nodules of leguminous plants has 
already been discussed in section 9.11.1 of this chapter. 
The bacteria which inhabit the nodules stimulate growth 
and division of the root parenchyma cells resulting in the 
swelling or nodule. 


Chapter Ten 


Heterotrophic nutrition 


Heterotrophs are organisms that feed on complex, ready- 
made organic food, They use it as a source of energy, for 
their vital activities, of specific atoms and molecules which 
are used for cell maintenance and repair, and which can be 
formed into new protoplasm during growth, and also of 
coenzymes and vitamins that cannot be synthesised in the 
organism but which are vital for specific cellular processes. 

The survival of heterotrophs is dependent either directly 
or indirectly on the synthetic activities of autotrophs. All 
animals and fungi and the majority of bacteria are 
heterotrophic. A few bacteria, such as purple non-sulphur 
bacteria, possess bacteriochlorophyll and are able to utilise 
energy to synthesise their organic requirements from other 
organic raw materials, and are called photoheterotrophs 
(table 9.1). 

‘The manner in which heterotrophs procure and take in 
their food varies considerably; nevertheless the way in 
which it is processed into a utilisable form within the body 
is very similar in most of them. It involves two distinct 
processes: first a method of reducing large complex food 
molecules into simpler soluble ones (digestion), and 
secondly a means of absorbing the soluble molecules from 
the region of digestion into the tissues of the organism. 

Four forms of heterotrophic nutrition exist. They are 
termed holozoic, saprophytic, symbiotic and parasitic. 


10.1 
10.1.1 


Modes of heterotrophic nutrition 


Holozoic nutrition 


All organisms feeding in this way take food 
into the body where it is then digested into smaller soluble 
molecules which can be absorbed and assimilated. Free- 
living holozoic organisms have a specialised digestive tract 
(alimentary canal) in which these processes occur. Most 
animals and insectivorous plants are holozoic. 

The characteristic processes involved in holozoic nutri- 
tion are defined as follows. 
Ingestion is the taking in of complex organic food. 
Digestion is the breakdown of large complex insoluble 
organic molecules into small, simple soluble diffusible 
molecules. This is achieved by mechanical breakdown and 
enzymatic hydrolysis. Digestion may be either extra- or 
intracellular. 
Absorption is the uptake of the soluble molecules from the 
digestive region, across a membrane and into the body 
tissue proper. The food may pass directly into cells or 


initially pass into the bloodstream to be transported to 
appropriate regions within the body of the organism. 
Assimilation is the utilisation of the absorbed molecules by 
the body to provide either energy or materials to be 
incorporated into the body as new protoplasm. 

Egestion is the elimination from the body of undigested 
waste food materials. 

The stages involved in holozoic nutrition are summarised 
in fig 10.1. 

Animals which feed on plants are called herbivores, 
those that feed on other animals carnivores, and those that 
eat a mixed diet of animal and vegetable matter are termed 
omnivores. If they take in food in the form of small particles 
the animals are microphagous feeders, for example 
earthworms, whereas if the food is ingested in liquid form 
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Fig 10.1 Stages in the holozoic nutrition of a mammal 
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10.1.3 Symbiosis 
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Table 10.2 Some structural, physiological and reproductive specialisations of parasites. 


Type of modification 


Examples 


Absence or degeneration of feeding and locomotory 
organs — characteristic of gut parasites. 

Highly specialised mouthparts as in fluid feeders. 
Development of haustoria in some parasitic green 
plants. 


Fasciola, Taenia 


Pulex, Aphis 
Cuscuta 


Structural Boring devices to effect entry into a host. nematodes, fungi 
Attachment organs such as hooks or suckers. Taenia, Hirudo, Fasciola 
Resistant outer covering. Taenia, Fasciola 
Degeneracy of sense organs associated with the 
constancy of the parasite's environment. Taenia 
Exoenzyme production to digest host tissue external to fungi, Plasmodium (a protozoan (Sporozoa) which infects 
parasite. mammals and birds, and in the case of Man, caus 
malaria) 
Anticoagulant production in blood feeders. Pulex, Hirudo 
Physiological | Chemosensitivity in order to reach the optimum Plasmodium, Monocystis (a protozoan (Sporozoa) 
location in the host’s body. parasitic in the seminal vesicles of earthworms) 
Production of cytolytic substances to aid penetration Cuscuta (a flowering plant belonging to the famil; 
into host. Convolvulaceae, which does not possess chlorophy!! and 
parasitises a variety of higher plants) 
Production of anti-enzymes. gut parasites 
Ability to respire adequately in anaerobic conditions. gut parasites 
Hermaphrodite condition thus aiding possible self- Taenia, Fasciola 
fertilisation. 
Reproductive | Enormous numbers of reproductive bodies, i.e. eggs. Taenia, Fasciola 


cysts and spores. 

Resistance of reproductive bodies when external to the 
host. 

Employment of specialised reproductive phases in life 
cycle. 

Use of secondary hosts as vectors. 


Monocystis, Phytophthora 
Fasciola 


Taenia, Fasciola, Plasmodium 


reproductive features that make Fasciola a success- 
ful parasite. 


10.2 


10.2.1 


Amoeba consumes rotifers, diatoms, desmids, bacteria, 
flagellates, ciliates and minute particles of debris. It ingests 
its food by means of phagocytosis. Pseudopodia envelop 
the material and enclose it, together with a variable amount 


of water, in 


becomes surrounded by many tiny lysosomes which 
ultimately fuse with its membrane and discharge their 
enzymatic contents into it. Hence digestion is intracellular. 


10.2 List the structural, physiological and 


Feeding mechanisms in a range 
of animals 


Microphagous feeders 


Pseudopodial 


a food vacuole (fig 10.4). The vacuole then 


At this stage the vacuole becomes known as a digestive 
vacuole. Initially it decreases in size as water is withdrawn, 
and its contents become first acid (approximately pH 5.6) 


and then alkaline (about pH 7.3). 
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Food vacuole forms which 
contains food particles and 
water 


Decreases a little in size as a 
result of water loss from 
vacuole. Increased acidity 


pH 5.6 


Enzymes discharged into food 
vacuole from lysosomes 
surrounding the food vacuole. 
This now becomes a digestive 
vacuole where intracellular 
digestion takes place. pH is 7.3 


Fine canals radiate from 
digestive vacuole along which 
the soluble products of 
digestion pass into the 
surrounding cytoplasm 


Exocytosis of any insoluble or 
indigestible material 


Fig 10.4 Ingestion, digestion and absorption in Amoeba 


The enzymes poured into the digestive vacuole include 
carbohydrases, amino-, exo- and endopeptidases, esterase, 
collagenase and nuclease. They are secreted at different 
times so that their digestive effects are separated by time 
rather than spatially as in higher organisms. When 
digestion is complete the digestive vacuole membrane is 
drawn out into numerous fine canals. The soluble products 
of digestion are passed into the canals and finally into the 
surrounding cytoplasm of the animal by micropinocytosis. 
Undigested material is voided from the organism by 
exocytosis at any point on its surface. 


Ciliary 
[he main diet of Paramecium consists of bacteria. 
»pecialised tracts of cilia along the oral groove sweep the 
nicroorganisms in feeding currents towards the 
ytopharynx (fig 10.5). Any bacteria present are conveyed 
‘long the cytopharynx towards the cytostome or ‘mouth’ by 
the cilia of the undulating membrane. At the ‘mouth’ are a 
umber of specialised cilia arranged in a criss-cross fashion 
hich act as a filter to prevent large particles being taken 


Small particles together with a quantity of water pass into 
he plasmasol of the organism, Every so often the 
plasmasol actively segregates the collected food particles 

ito a food vacuole which then follows a consistent pathway 
through the endoplasm. Once again the vacuole contents 

ecome acid initially (pH 2-4) and then alkaline (pH 7-8). 
‘he acid phase usually kills the prey, whilst most digestive 
ictivity takes place as the vacuole contents become less 

id. For example, proteolytic enzymes work best at a pH 
of 5.7-5.8. 

The soluble end-products of this intracellular digestion 
ire finally absorbed into the cytoplasm of the organism and 
ny undigested material is eliminated at the cytoproct by 
he process of exocytosis. 


cytopharynx | pH 7 


cytostome 


pH 6__ 


cytoproct — 


oral groove 


SS water 


Experiment 10.1: To investigate ingestion of 
yeast cells and the formation of food vacuoles 
in Paramecium 


Materials 


Paramecium culture 

cavity slides and cover-slips 
dissecting needles 

10% methyl cellulose 

cotton wool 

yeast culture stained in Congo red 
monocular microscopes 


Method 


(1) Mount a drop of culture solution containing Para- 
mecium on a Cavity slide. 

(2) Add one or two drops of 10% methyl cellulose and mix. 
This slows down the movements of Paramecium. 

(3) Add a few cotton wool fibres. This supports the 
cover-slip when it is applied and also creates partitions 
which confine the movements of the animal and make 
it easier to observe. 

(4) Add a drop of yeast suspension stained with Congo red 
dye. Congo red is an indicator in the pH range 3-5: 


red/orange pH 5.1 
purple pH 3-5 
blue/violet pH3 


(5) Cover the slide with a cover-slip and examine under the 
high power objective of the microscope. 

(6) Observe the fate of the yeast cells as they enter the oral 
groove and are ingested at the cystosome. Food 
vacuoles containing yeast cells should be seen 
forming. 

(7) Note if any colour changes take place in the food 
vacuoles. Comment on any changes that occur. 


—contractile vacuole 


food vacuole pH 4 


z^ 


current 


Fig 10.5 Feeding currents and the pathway of food and digestive vacuoles in Paramecium 


10.2.2 Filter feeding 


Setose 


Daphnia pulex, the common water flea, possesses a 
number of broad limbs with numerous stiff bristles (setae), 
all enclosed under a carapace (fig 10.6). When the limbs 
collectively move forward they draw water, containing 
suspended food particles, towards themselves. The bristles 
filter off the food from this feeding current and when the 
limbs move in a backward direction the food is propelled 
towards the mouth along a food groove by setae located at 
the base of each limb. At the mouth entrance the food 
particles become enmeshed by sticky mucus secretions 
prior to being swallowed. 


Ciliary 


Mytilus edulis, the common mussel, is found attached to 
rocks and stones in shallow coastal waters. It is a sedentary 
bivalve mollusc and possesses two ‘gills’, or ctenidia, 
covered with cilia on each side of its body. The movement 
of the cilia causes a current of water to enter the animal via 
an inhalant siphon and leave via an exhalant siphon. The 
water which enters contains the food of the mussel such as 
microscopic protozoa and algae. Numerous secretory cells 
scattered among the cilia produce streams of sticky mucus 
which entangle the food particles. The trapped food is then 
swept by tracts of cilia towards the mouth which is located 
in a dorsal position near the anterior end of the ‘gill’. 
Ciliated labial palps encircling the mouth sort out the food 
particles to some extent before they enter the mouth. The 
alimentary canal of the mussel consists of a stomach and 
short intestine which terminates via an anus located close to 
the exhalant siphon. 


Experiment 10.2: To investigate feeding in 
Daphnia pulex 


Materials 


Daphnia culture 

cotton wool 

cavity slides and cover-slips 
dissecting needles 

yeast culture coloured with neutral red 
binocular and monocular microscopes 


Method 
(1) Place a culture of Daphnia on a cavity slide. 
(2) Add cotton wool fibres to slow down the animal's 
movement. 
(3) Add a drop of yeast solution coloured with neutral red. 
Neutral red is an indicator for the pH range 6-8: 
red pH 6.8 
rose-red pH 7.7 
orange/yellow pH 8.0 
(4) Add a cover-slip and view a Daphnia in the lateral 
position under a microscope (fig 10.6). 
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filter setae 


apical (ff N 
spine 


Fig 10.6 Lateral view of Daphnia 


(5) Note the nature and beating of the thoracic appen- 
dages and their setae under the carapace. 

(6) Observe the movement of the yeast as it is swept 
towards the filtering region before ingestion. 

(7) Note any colour change in the ingested yeast as it 
passes along the gut and comment on your observa- 
tions. 


10.2.3 Macrophagous feeders 


Tentacular 


The coelenterate Hydra feeds primarily on Daphnia and 
Cyclops and digestion is partly extracellular and partly 
intracellular. When these organisms brush against the 
projecting cnidocils of nematoblasts located on the tent- 
acles of Hydra the nematocyst contents are automatically 
discharged. Penetrant nematocysts paralyse the prey whilst 
volvants and glutinants hold it tightly against the tentacle. 
The tentacle then bends over towards the ‘mouth’ which in 
turn opens widely enabling the prey to enter the enteron 
(fig 10.7). 


Glandular zymogen cells in the endodermis secrete 
powerful proteolytic enzymes which initiate extracellular 
digestion. Endodermal flagellate cells and contractions of 
the body assist in the circulation of food and enzymes, and 
in breaking it up into fine particles. Extracellular digestion 
is completed in 4 h after which time the food particles are 
engulfed by the phagocytic action of endodermal amoeboid 
cells where digestion is completed intracellularly as in 

\moeba. 

The soluble products of digestion ultimately diffuse from 
the endodermis via the mesogloea to the ectodermis. 
Undigested material is egested via the single oral aperture. 


(b) 


tentacle 


(a) 


tentacle 


Fig 10.7 (above) (a) Hydra vulgaris capturing a Daphnia 


(left) (b) Scanning electron micrograph of 
Trichodina lodged on the tentacles of a brown hydra 


Fig 10.8 
mouth 


(below) Sepia officinalis showing tentacles covering 


lateral fin 
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Sepia officinalis, the cuttlefish, is a carnivore. The 
activity of pigment cells in its skin enables it to camouflage 
itself well. Suitably coloured, it lies in wait for its prey, 
which may be shrimps or crabs. 

The cuttlefish has efficient eyesight and when it spots 
suitable prey it quickly extends two long prehensile 
tentacles which adhere tightly to the prey by means of their 
terminal suckers. The tentacles are then rapidly retracted 
towards the mouth carrying the prey with them. Sometimes 
a small quantity of toxic venom is injected into the prey 
from posterior salivary glands to assist in paralysing and 
killing it. 

The other eight short tentacles of Sepia hold the prey 
against the mouth where a pair of beak-shaped horny jaws 
break up and bite off pieces of the prey (fig 10.8). Within 
the mouth is a radula which rasps the food into small pieces 
which are then swallowed. This mechanical breakdown of 
the food is assisted by proteases secreted from the salivary 
glands. 


Scraping and boring 
Helix aspersa, the common garden snail, feeds by using a 
rasping organ, the radula, in conjunction with a horny jaw 
plate (fig 10.9). The radula consists of about 150 rows of 
backwardly pointing ‘teeth’ with just over 100 teeth per 
row. 

Leaves are held by the lips of the snail. The radula moves 
back and forth over the leaves with its teeth tearing the 
food whilst at the same time pressing it against the jaw 
plate. In this way minute fragments of vegetation are 
obtained which are gradually pushed backwards towards 
the pharynx. This type of activity wears down the front 
‘teeth’ of the radula which become loose and eventually fall 
out to be swallowed with the food. They are rapidly and 
continuously replaced by new teeth. The rasping action of 
the radula ensures that the tough cellulose walls of the 
vegetation acted upon are broken down so that the cell 
contents are exposed to the hydrolytic action of enzymes, 
especially proteases, further along the digestive tract. 


(a) 


antenna. 


il ocelli 


= labrum 


compound eye. 


mandible. mandible 


Fig 10.10 Mouthparts of the common grasshopper 
Chorthippus 


Biting and chewing mouthparts 


Exoskeletal appendages in segments four, five and six form 
the feeding apparatus which surrounds a ventrally situated 
mouth in the grasshopper Chorthippus. The mouth is 
bordered anteriorly by the plate-like labrum or upper lip 
(fig 10.10). Beneath this lies a pair of stout, sirong 
mandibles or jaws. Each mandible possesses an anterior 
ridged cutting surface and a posterior grinding «tace 
which works against that of its partner and serves io cut, 
tear and crush food. A pair of maxillae is situated behind 
the mandibles. Each maxilla bears an olfactory palp. 
Hanging down behind the maxillae is an exoskeleia! (lap 
called the labium or lower lip. This assists in manoeuvring 
the food and also has a sensory function. The grasshopper 
is herbivorous and feeds mainly on leafy vegetation. lt grips 
the leaf between its lips whilst the mandibles bite fragments 
from it. Activity of the maxillae and labium propels the 
food towards the mouth where it is swallowed. 1n the 


hypopharynx it is moistened with saliva secreted from 
salivary glands. The saliva contains amylase and sucrase, 
and so carbohydrate digestion begins immediately 


Seizing and swallowing 


Scyliorhinus caniculus, the spotted dogfish, is a predatory 
carnivore and feeds on crustacea, shellfish, annelid worms, 
small fish and fragments of dead or dying animals. Its wide 
mouth is ventrally situated and enables the dogfish to 


(b) 


cartilage 


a 


alimentary canal 


Fig 10.9 (a) Helix aspersa radula location. (b) Scanning 
electron micrograph of the radula of the giant land snail 
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Fig 10.11 Dissection of dogfish to show alimentary canal displayed 


ardiac region 
of stomach 


| pyloric region 
of stomach 


swallow some animals whole. The buccal cavity is wide and 
flattened dorsoventrally. It possesses large, backwardly 
pointing dermal denticles which act as teeth and prevent 
prey from escaping once it has been seized in the mouth. 

The buccal cavity leads into a wide pharynx which 
contains a tough muscular pad, the tongue. This assists in 
swallowing the food by moving it in an upward and 
backward direction into the oesophagus. The lining of the 
oesophagus is considerably folded. These folds extend 
around the food when it is swallowed and at the same time 
prevent much water from entering the gut. The shape of the 
stomach is asymmetrical, consisting of a dilated cardiac 
limb where the acid phase of digestion occurs, and a 
smaller, narrower pyloric limb. The alkaline phase of 
digestion takes place in the duodenum, which is relatively 
short and follows the stomach. The bile and pancreatic 
ducts open separately into the duodenum. 

The duodenum leads into the ileum which contains the 
‘spiral valve. This structure possesses many infoldings of the 
intestinal lining which slow down the passage of food and 
increase the surface area for its absorption. All absorbed 
food passes directly to the extremely large liver (fig 10.11). 

"Throughout the length of the alimentary canal are 
numerous mucous glands whose secretions assist the 
smooth passage of the food. Undigested material is 
collected in the rectum and defaecated via the anus. 


Detritus feeder 


Lumbricus terrestris, the common earthworm, consumes 
fragments of fresh or decaying organic matter, especially 
vegetation, either at the soil surface, or after the food has 
been pulled into its burrow. Pieces of food are torn off by 
the mouth, moistened by alkaline secretions of the pharynx 
and drawn into the buccal cavity by the pumping action of 
the muscular pharynx. The food is then swallowed into the 
pharynx by peristalsis (fig 10.12). Earthworms can also 
feed on organic material contained in the substrate which 
they swallow during burrowing activity. 

The alimentary canal is straight and runs from mouth to 
anus. It is specialised at various points along its length for 
digestion and absorption of the ingested food. Table 10.3 
indicates the sections of the alimentary canal involved in 
these activities, the segments which they occupy and their 
structure and specific functions. Any undigested material is 
propelled to the posterior of the alimentary canal by 
peristaltic activity and voided via the anus as ‘worm casts’, 


Fluid feeding 


Sucking. The housefly, Musca domestica, 
possesses a proboscis tube constructed from a highly 
modified labium. There are no mandibles, and the maxillae 
are reduced to a pair of palps. At the proximal end of the 


Table 10.3 Structure and functions of various regions of the earthworm gut. 


Region of Segments — Structure Function 

alimentary 

canal 

Mouth - - Tears off pieces of food. Grips food as it is drawn into the worm's burrow. 

Buccal 1-3 Wide, thin-walled Food moistened and softened by secretions of pharyngeal glands. Secretions 

cavity include mucus and a proteolytic enzyme. Food eventually swallowed by 

peristalsis. 

Pharynx 4-5 Dilatable, muscular and Possesses patches of glandular material, exudations of which help to soften 
thick-walled the food. 

Oesophagus — 6-13 Narrow, tubular and thin- | Oesophageal pouches open into it from segment 10. 
walled Openings of two pairs of calciferous glands from segments 11 and 12; these 

glands secrete a fluid containing calcium carbonate particles. They are 
excretory in function rather than digestive and represent the manner in which 
excess calcium is removed from the body. 

Crop 14-16 Wide and thin-walled Acts as a storage chamber for the food. Some preliminary digestion occurs 

here. 

Gizzard 17-19 Spherical, thick-walled, Contains sharp fragments of stone. Mastication of food occurs here. Pieces of. 
hard and muscular food are reduced in size by abrasion against the stones and the cuticularised 

lining of the gizzard. 

Intestine 20 Surrounded by longitudinal A large surface area is presented for secretion of enzymes and absorption 
and circular muscles. Its of digested food. Digestion is extracellular and food is absorbed into a 
surface area is increased network of capillaries lining the intestine. Three types of cell are present in 
by the presence of a the intestine: 
typhlosole. (1) glandular cells secrete proteolytic, amylolytic and lipolytic enzymes: 

(NB cellulase is secreted.) 
(2) ciliated cells help mix food with enzymes; 
(3) mucus cells lubricate food and protect gut lining from the digestive 
action of enzymes. 
Anus - = Faeces voided as worm casts. 
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Dissected earthworm showing alimentary canal 


proboscis is a centrally placed mouth whilst at the distal end 
are two lobes called labella. Each of these contains 
numerous fine food channels termed pseudotracheae which 
ultimately converge into a central proboscis canal 

Generally the proboscis is held pressed against the 
underside of the insect's body, but when the insect feeds, it 
is extended by blood pressure so that the labella are placed 
on the food. If the food is solid, saliva from salivary glands 
is secreted onto it via an opening above the mouth. The 
saliva contains a number of enzymes which make the food 
soluble. When the food has been made soluble, or if the 
food is liquid in the first place, it passes into the 
pseudotracheae by capillary action. From here it is sucked 
up into the body by the activity of the muscles of the 
pharynx (fig 10.13(b)). 

The feeding device of a butterfly such as Pieris brassicae 
is its proboscis. In contrast to that of the housefly the 
proboscis is formed from the two maxillae. The part of each 
maxilla which together form the long tube through which 
the food is sucked (galea) is greatly elongated and grooved 
on its inner surface. These two structures fit together to 
form the proboscis tube. Mandibles are absent and the 
maxillary palps are either absent or poorly developed. 

At rest, the proboscis is in the form of a coiled tube held 
under the head. When Pieris feeds, reflex contraction of 
the oblique galea muscles uncoils the proboscis. The 
proboscis is extended into the corolla of a flower and its tip 
placed directly on the food which is nectar, a dilute solution 
of sugar. It is frequently the case that the depth of the 
corolla tube corresponds to the length of the butterfly's 
proboscis. Muscles in the pharynx then begin to contract 
causing the nectar to be sucked into the mouth of the insect 
(fig 10.13 (d)). 


Piercing and sucking mouthparts. The 
female mosquito such as Anopheles sp., feeds on the blood 
of mammals. In order to obtain its meal it has to pierce the 
mammal's skin. This it does by using its mandibles or 
maxillae which have been highly modified into four sharp 
stylets. The stylets are contained in a grooved sheath, the 
proboscis sheath, formed by a greatly elongated labium. 

Also present in the proboscis are the deeply grooved 
labrum and the hypopharynx. When the hypopharynx 
presses against the labrum it forms a food channel along 
which the fluid food is pumped. The hypopharynx also 
contains a salivary duct. During feeding, saliva containing 
an anticoagulant is secreted into the blood to prevent it 
clotting as it is sucked up into the pharynx via the narrow 
food channel (fig 10.13(f). 


10.3 Nutrition in mammals 


10.3.1 Dietary requirements 


Every mammal requires a daily supply of 
energy-providing foods (carbohydrates and fats), growth- 
promoting foods (proteins) and sufficient amounts. of 
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Fig 10.13 (a) Mouthparts of the housefly Musca domestica. 
(b) TS mouthparts of M. domestica. (c) Mouthparts of the 
large white butterfly Pieris brassicae. (d) TS mouthparts of 
P. brassicae. (e) Mouthparts of the female mosquito 
Anopheles sp. (f) TS mouthparts of Anopheles sp. 
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mineral salts, water, roughage and vitamins. For a diet to 
be adequate and balanced, these foodstuffs must be 
ingested in the correct proportions, Such a diet does not 
necessarily prevent illness but it certainly reduces the 
chances of the individual contracting a nutritionally based 
disease. The optimum nutritional value of any particular 
meal intake will vary markedly in different individuals 
depending on their sex, age, activity, body size and the 
temperature of their external environment (less food is 
eaten per individual in warm climates). 


10.3.2 Measurement of the energy value of 


foodstuffs 


An adequate diet must contain sufficient 
energy for the body's daily metabolic needs. This energy is 
measured as heat energy and expressed as joules. The 
energy value of a foodstuff can be calculated by burning a 
known mass of it in oxygen in a bomb calorimeter, The heat 
generated by this oxidation is transmitted to a known mass 
of water whose corresponding temperature rise is mea- 
sured. Using the knowledge that 4.18 J of heat energy 
raises the temperature of 1 g of water by 1 *C, the number 
of joules generated by the burning of the food can be 
calculated (fig 10.14). 


10.4 How many kilojoules are produced if 
1 g of sugar burned in oxygen raises the temperature 
of 500 g of water by 7.5 °C? 


Table 10.4 indicates the recommended daily intake of 
energy and nutrients for Man in the UK for a variety of ages 
and activities and for both sexes. Table 10.5 shows the 
composition of a selection of foods per 100 g edible portion 
and is based on values published in the Manual of 
Nutrition, HMSO, 1976. 

10.3.3 Measurement of energy expenditure 
by Man 


In order to calculate energy expenditure in 
Man a method of ‘indirect calorimetry’ is used. Accurate 
measurements of oxygen consumption, carbon dioxide 
excretion, and sometimes nitrogen excretion in the urine 
are used in the calculation of energy expenditure. The 
theory behind this method is that the same quantity of heat 
is released, oxygen consumed, and carbon dioxide and 
water produced when one gram of foodstuff is burned in 
the air as when it is burned in the body. However, this is 
only an approximate value since complete oxidation of 
food materials does not occur in the body. 


Table 10.4 Recommended daily intakes of energy and nutrients for Man in the UK (Department of Health and Social 


Security (1969)), for a variety of ages and acti 


ties, and for both sexes. 


Vitamins 


Nicotinic A D 
Body acid Ascorbic ug ug 

Age range and wt Energy Protein! Thiamin Riboflavin mg acid retinol cholecal- Calcium Iron 
»ccupational category kg kcal MJ g mg mg equivalents. mg equivalents ciferol mg mg 
BOYS and GIRLS 

0 up to 1 year 7.3 800 3.3 20 0.3 0.4 5 15 450 10 600 6 

! up to 4 years 13.5 1400 5.9 35 0.6 0.7 8 20 300 10 500 

! up to 7 years 20.5 1800 7.5 45 0.7 0.9 10 20 300 2.5 500 8 
BOYS 

9 up to 12 years 31.9 2500 10.5 63 1.0 1.2 14 25 575 25 700 13 
12 up to 15 years 45.5 2800 11.7 70 II 14 16 25 725 2.5 700 14 
15 up to 18 years 61.0 3000 12.6 75 1.1 1:7 19 30 750 2.5 600, 15 
GIRLS 

9 up to 12 years 33.0 2300 9.6 58 0.9 1.2 13 25 575 2.5 700 13 
12 up to 15 years 48.6 2300 9.6 58 0.9 L4 16 25 725 2.5 700 14 
15 up to 18 years 56.1 2300 9.6 58 0.9 1.4 16 30 750 2.5 600. 15 
MEN 
18 up to 35 years 

sedentary 65 2700 11.3 68 1.1 UN 18 30 750 2.5 500 10 

moderately active 3000 12.6 75 1.2 13 18 30 750 2.5 500 10 

very active 3600 15.1 90 1.4 137 18 30 750 2.5 500 10 
35 up to 65 years 

sedentary 65 2600 10.9 65 1.0 17 18 30 750 2.5 50 — 10 

moderately active 2900 12.1 73 1.2 1.7 18 30 750 2.5 500 10 

very active 3600 15.1 90 1.4 1:7 18 30 750 2.5 500 10 
65 up to 75 years | assuming a 63 2350 9.8 59 0.9 1.7 18 30 750 2.5 500 10 
75 and over sedentary 63 2100 8.8 53 0.8 Lj 18 30 750 2.5 500 10 

life 

WOMEN 
18 up to 55 years 

ios ota 55 2200 9.2 55 0.9 13 15 30 750 2.5 500 12 

very active 2500 10.5 63 1.0 1.3 15 30 750 2:5 500 12 
55 up to 75 years | assuming a 53 2050 $86 51 0.8 1.3 15 30 750 2.5 500 10 
75 and over sedentary 53 1900 8.0 48 0.7 13 15 30 750 2.5 500 — 10 

life 

pregnancy, 2nd and 2400 10.0 60 1.0 1.6 18 60 750 10 1200 — 15 

3rd tri 
usa S 2700 11.3 68 1.1 1.8 21 60 1200 10 1200 15 


! Recommended intakes calculated as providing 10% of energy. 


2 1 retinol equivalent = 1 ug retinol or 6 ug B-carotene or 12 ug other biologically active carotenoids. 299 


Table 10.5 Composition of selected foods per 100g edible portion, based on values published in Manual of Nutrition (1976). 


Vitamins 
Minerals Nicotinic 
Carbo-  —— acid 
Energy Protein Fat hydrate Ca Fe A D B, B, equivalents C 
kcal kJ g g g mg mg ug ug mg mg mg mg 
Almonds 580 2397 535 43 247 42 0 0 0.32 0.25 4.9 0 
Apple: 46 197 0 12.0 4 03 5 0 0.04 0,02 0.1 5 
Apricots, canned 106 452 0 21 12 07 166 0 0.02 0.01 0.3 5 
Bacon, rashers, cooked 447 1832 2: 3&8 0 12 14 0 0 0.40 0.19 9.2 0 
Bananas 76 326 LI 0 19.2 7 04 33 0 0.04 0.07 0.8 10 
Beans, canned in tomato sauce 63 266 5.1 0.4 10.3 45 14 50 0 0.07 0.05 1.4 3 
Beans, runner 23 100 22 0 3.9 27 0.8 50 0 0.05 0.10 1.4 20 
Beef, average 226 940 «18.1 17.1 0 7 49 0 0 0.06 0.19 8.1 0 
Beef, corned 216 905 26.9 12.1 0 14 2.9 0 0 0.01 0.23 9.0 0 
Beer, bitter, draught 30 127 0 0 2.3 11 0 0 0 0 0.05 0.7 0 
Beetroot, boiled 44 189 1.8 0 9.9 30 0.7 0 0 0.02 0.04 0.4 5 
Biscuits, plain, semi-sweet 431 1819 74 132. 753 126 1.8 0 0 0.17 0.06 2.0 0 
Bread, brown 230 981 9.2 1.4. 483 88 2.5 0 0 0.28 0.07 2n 0 
Bread, white 251 1068 8.0 1.7 543 100 — 1.7 0 0 0.18 0.03 2.6 0 
Bread, wholemeal 241 1025 9.6 31 467 28 3.0 0 0 0.24 0.09 19 0 
Brussels sprouts, boiled 17 ge 2.8 0 1.7 25 05 67 0 0.06 0.10 1.0 41 
Butter 731 3006 0.5 81.0 0 15 02 995 1:222: Q 0 0.1 0 
Cabbage, boiled 15 66 ET 0 23 38 04 50 0 0.03 0.03 0.5 23 
Carrots 23 98 0.7 0 54 48 0.6 2000 0 0.06 0.05 0.7 6 
Cauliflower 13 56 1.9 0 15 21 0.5 5 0 0.10 0.10 1.0 64 
Cheese, Cheddar 412 1708 254 345 0 810 06 420 0.35 0.04 0.05 5.2 0 
Chicken, roast 148 621 248 54 0 9 08 0 0 0.08 0.19 12.8 0 
Chocolate, milk 578 2411 8.7 37.6 545 246 1.7 66 0 0.03 0.35 2:5 0 
Coconut, desiccated 608 2509 6.6 62.0 6.4 22 3.6 0 0 0.06 0.04 1.8 0 
Cod, fried in batter 199 834 19.6 10.3 7.5 80 0.5 0 0 0.04 0.10 6.7 0 
Cod, haddock, white fish 76 321 174 07 0 16 0.3 0 0 0.08 0.07 4.8 0 
Coffee, instant 155 662 4.0 0.7. 35.5 140 4.0 0 0 0 0.10 45.7 0 
Cornflakes 354 1507 7.4 04 85.4 5 03 0 0 1.13€ 1.10 10.60 0 
0.04» 0.100 0.8%) 
Cream, double 449 1848 1.8 480 26 65 0 420 0.28 0.02 0.08 0.4 0 
Cream, single 189 781 2.8 180 4.2 100 0.1 155 0.10 0.03 0.13 0.8 0 
Eggs 147 612 123 10.9 0 54 24 140 1.50 0.09 0.47 3: 0 
Fish fingers 178 749 12.6 75 16.1 43 0.7 0 0 0.09 0.06 2:1 0 
Flour, white 348 1483 10.0 0.9 80.0 138 2.1 0 0 0.30 0.03 2.7 0 
Fruit cake, rich 368 1546 4.6 15.9 55.0 71 46 57 0.80 0.07 0.07 1.2 0 
Ham, cooked 269 1119 247 18.9 0 9 13 0 0 0.44 0.15 8.0 0 
Honey 288 1229 0.4 0 76.4 5 04 0 0 0 0.05 0.2 0 
Ice-cream, vanilla 192 805 4.1 11.3 19.8 137 0.3 1 0 0.05 0.20 1.1 1 
Jam 262 1116 0.5 0 69.2 i 12 2 0 0 0 0 10 
Kipper 184 770 19.8 IW g 60 12 45 2220 0.02 0.30 6.9 0 
Lamb, roast 291 1209 23.0 22.1 0 9 21 0 0 0.10 0.25 9:2 0 
Lettuce 8 36 1.0 0 1,2 233 0.9 167 0 0.07 0.08 0.4 15 
Liver, fried 244 1020 24.9 137 564 14 8.8 6000 0.75 0.27 4.30 20.7 20 
Luncheon meat 313 1298 12.6 26:9 S$ 15 10 0 0 0.07 0.12 4.5 0 
Margarine 734 3019 0.2 81.5 0 4 03 9000 8.00 0 0 0.1 0 
Marmalade 261 1114 0.1 0 69.5 35 0.6 8 0 0 0 0 10 
Milk, liquid, whole 65 274 3.3 38 4.8 120 0.1 44 — 0.050» 0.04 0.15 0.9 1 
370 0.0100 
Oils, cooking and salad 899 3696 0 99.9 [U 0 0 0 0 0 0 0 0 
Onions 23 98 0.9 0 5.2 31 03 0 0 0.03 0.05 0.4 10 
Oranges 35 150 0.8 0 8.5 4 03 8 0 0.10 0.03 0.3 50 
Parsnips 49 210 1.7 0 11.3 55 0.6 0 0 0.10 0.09 1. 15 
Peaches, canned 88 373 0.4 0 22.9 4 19 41 0 0.01 0.02 0.6 4 
Peanuts, roasted 586 2428 28.1 49.0 8.6 61 2.0 0 0 0.23 0.10 20.8 0 
Pears, fresh 4l 175 0.3 0 10.6 8 02 2 0 0.03 0.03 0.3 3 
Peas, fresh or quick frozen, 49 208 5.0 0 Tet 13 12 50 0 0.25 0.11 2.3 15 
boiled 
Pineapple, canned 76 325 0.3 0 20.0 I: 17 7 0 0.05 0.02 0.3 8 
Plain cake, Madeira 426 1785 6.0 24.0 497 67 14 82 1.20 0.08 0.11 1:7 0 
Plums 32 137 0.6 0 7.9 12 03 37 0 0.05 0.03 0.6 3 
Pork, average 330 1364 15.8 29.6 0 8 08 0 0 0.58 0.16 6.9 0 
Potatoes, boiled 80 339 1.4 0 19.7 4 0.5 0 0 0.08 0.03 19 4-150 
Potato chips, fried 236 1028 3.8 90 373 l4 14 0 0 0.10 0.04 BD, 6-200 


300 


Table 10.5 (cont.) 


Vitamins 
—— 


Minerals Nicotinic 
Carbo. — ——. acid 

Energy Protein Fat hydrate Ca Fe A D B, B, equivalents C 

kcal kJ g 8g g mg mg ug ug mg mg mg mg 
Potatoes, roast 111 474 2.8 L0 273 10 10 0 0 0.10 0.04 2.0 6-230 
Prunes 161 686 2.4 0 40.3 38 2.9 160 0 0.10 0.20 1 0 
Raspberries 25 105 0.9 0 5.6 41 12 13 0 0.02 0.03 0.5 25 
Rhubarb 6 26 0.6 0 1.0 103 0.4 10 0 0,01 0.07 0.3 10 
Rice . 359 1531 6.2 L0 868 4 04 0 0 0.08 0.03 1.5 0 
Rice pudding 142 594 3.6 7:6- 35,7 116 0.1 96 0.08 0.05 0.14 1.0 1 
Sausage, pork 367 1520 10.6 32.1 9.5 41 LI 0 0 0.04 0.12 5.7 0 
Soup, tomato, canned 55 230 0.8 33 5.9 17 04 35 0 0.03 0.02 0.2 6 
Spaghetti 364 1549 9.9 1.0 84.0 23 12 0 0 0.09 0.06 1.8 0 
Spinach 21 91 2.7 0 2.8 70 32 1000 0 0,12 0.20 1.3 60 
Spirits, 7096 proof 221 94 0 0 0 0 0 0 0 0 0 0 0 
Steak and kidney pie, cooked 304 — 1266 — 13.3 21.1 14.6 37 $41 126 0.55 0.11 0.47 6.0 0 
Strawbei 26 109 0.6 0 6.2 22 07 5 0 0.02 0.03 0.5 60 
Sugar, white 394 1680 0 0 105.0 1 0 0 0 0 0 0 0 
Sweet corn, canned 79 336 2.9 08 16.1 J f 35 0 0.05 0.08 0.3 4 
Syrup 298 1269 0.3 0 79.0 26 14 0 0 0 0 0 0 
Tomatoes, fresh 12 52 08 0 24 13. 04 117 0 0.06 0.04 0.7 21 
Watercress 14 60. 2.9 Ü 0.7 22 1.6 500 [U 0.10 0.16 2.0 60 
Wine, red 67 277 0 0 0.3 6 0.8 0 0 0.01 0.02 0.2 0 
Yoghurt, fruit 96 410 4.8 1.0 182 160 0.2 10 0.02 0.05 0,23 1.2 1 
Yoghurt, natural 53 224 5.0 1.0 6.4 180 0.1 10 0.02 0.05 0.26 1.3 0 

Notes: 


Carbohydrates are given as monosaccharides. 

Vitamin A is given in the form of ug retinol equivalents, i.e. values include 
estimated contributions from carotene precursors, 1 pg retinol is 
equivalent to 3.33 i.u. (international units). 

Vitamin D is given as ug: 1 ug vitamin D is equivalent to 40 iu. 
Vitamin B, is thiamin. 

Vitamin B, is riboflavin. 

Nicotinic acid is given in two forms; total being the nicotinic acid present as 
the vitamin itself. Nicotinic acid equivalents include the contribution 
estimated to be supplied by tryptophan, assuming 60 mg tryptophan gives 
rise to 1 mg nicotinic acid. 

(a) fortified; (b) unfortified; (c) some margarines contain carotene; 
(d) summer value; (e) winter value; (/) high in new potatoes falling during 
storage. 
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Fig 10.14 (a) Calorimeter designed to investigate the energy 


content of food materials, The small electric heating coil is 
used to ignite the food. (b) Diagram to show the labelled parts 
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10.5 It has been calculated that 1g 
glucose combines with 774 cm? oxygen releasing 
15.8 kJ heat, and 1 g long-chain fatty acid combines 
with 2012 cm? oxygen releasing 39.4 kJ heat. Why 
does 1 g of fatty acid give rise to more than twice as 
much heat as 1 g glucose? 

10.6 Why is it that protein and fats 
subjected to combustion in a bomb calorimeter 
liberate more heat than when exactly the same 
weight of each foodstuff is burned in the body? 


10.3.4 Malnutrition 


This situation arises when an organism is 
deficient in (undernutrition) or receives excess (overnutri- 
tion) of one or more nutrients or energy-providing foods 
over a long period of time. In many underdeveloped parts 
of the world undernutrition is the most common form of 
malnutrition, whereas in the industrialised West obesity, 
coronary heart disease and reduced life expectancy are all 
symptoms of overnutrition. 


10.3.5 Carbohydrates, proteins and fats 


Detailed information concerning the structure 
and functions of these foodstuffs is provided in chapter 5. 
However, a note about the quality of dietary protein is 
necessary here. The nutritional value of a protein depends 
upon the composition of its amino acids and whether or not 
it can be digested by the animal concerned. Vegetable 
foods generally contain small quantities of protein and the 
amino acids present are rarely in the proportions required 
by animal tissues. Therefore there is a danger of malnutri- 
tion if only one vegetable food forms the major component 
of the diet. However, a good vegetarian diet can be worked 
out which provides the complete range of protein require- 
ments by using a wide variety of protein-containing 
vegetable foods. These include cereals, legumes, nuts, fruit 
and other vegetables. An exception to the low protein 
content of many vegetable foods is soya bean protein which 
is as good as most animal proteins. Many, though not all 
animal proteins contain a high proportion of essential 
amino acids in balanced amounts and are termed ‘first- 
class’ proteins. 


10.3.6 Mineral salts 


A wide variety of inorganic elements is present 
in the body, all of which must be obtained from food or 
drink consumed by the mammal concerned. They are 
required for many metabolic activities and in the structure 
of a number of tissues. The different functions of the 
elements are considered in table 9.10. 
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Water 


Water is essential to mammals as all bodily 
metabolic reactions take place in solution. Since water 
makes up 65-70% of the total body weight, and this weight 
remains relatively constant each day, it follows that the 
2-3 dm? of water lost daily from the body must be replaced 
by fluids or food consumed by the mammal each day. The 
importance of water to life becomes clear when one 


10.3.7 


considers that a man deprived of food may live for more 
than 60 days, but for only a few days if deprived of water. A 
full account of the functions of water in both animals and 


plants can be found in chapters 5 and 14. 


10.3.8 Roughage 

In Man, roughage or dietary fibre consists of 
indigestible cellulose of the cell walls of plants. It has a 
water-holding capacity and provides bulk to the intestinal 
contents, especially in the large intestine. Here, stretching 
of the colon wall stimulates reflex peristaltic activity and 
hence aids movement of the colon contents towards the 
rectum, and promotes defaecation. Absence of dietary 


fibre can lead to constipation and other disorders o! the 


large intestine. 


10.3.9 Milk 


The only dietary item that most mammals 
receive during the first weeks of their lives is milk. It 
provides an almost complete diet during this stage o! their 


development, containing carbohydrate, protein. fat, 
minerals (especially calcium, magnesium, phosphorus and 
potassium) and a variety of vitamins. The one major 
element that milk lacks is iron, a constituent of haemo- 
globin in blood. However, this problem is overcome by the 
embryo accumulating iron from its mother and storing à 
sufficient quantity of it in its body prior to birth. This 


sustains embryonic development, and development after 
birth until the offspring begins to ingest solid food 


10.7 Early this century, Frederick Gow- 
land Hopkins in Cambridge performed a famous 
experiment where he took two sets of eight young 
rats and fed both on a diet of pure casein, starch, 
sucrose, lard, inorganic salts and water. The first set 
received additionally 3 cm? of milk per day for the first 
18 days. On day 18, the extra milk was denied the 
first set, but given to the second set of rats instead. 
The result of the experiment is shown in fig 10.15. 
(a) What hypothesis can you deduce from the graph? 
(b) Support your answer with comments. 

(c) Why is a diet of milk inadequate for an adult? 
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Fig 10.15 Gowland Hopkins's experiment on feeding milk 
to rats 


10.3.10 Vitamins 


Vitamins are complex organic compounds 
present in very small quantities in natural food and 
absorbed into the body from the small intestine. They 
possess no energy value but are essential for the good 
health of the body and in maintaining its normal metabolic 
activities. If the diet is deficient in a particular vitamin, 
metabolic activity is impaired. This produces a disorder 
symptomatic with that particular vitamin deficiency, which 
is termed a deficiency disease. When the dietary intake of a 
particular vitamin is inadequate, the deficiency disease it 
might cause can be avoided by supplementing the diet with 
the necessary vitamin. Table 10.6 indicates some of the 
sources and functions of the principal vitamins required in 
the human diet and the deficiency diseases caused by a lack 
of them. 
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The alimentary canal in Man 


Digestion and absorption occurs in the 
alimentary canal, digestive or gastrointestinal tract, or 
more plainly the gut, which runs from the mouth to the 
anus. As the gut wall is continuous with the outside surface 
of the body, the food it contains is considered to be external 
to the body in a positional and physiological sense. Food 
can only be absorbed into the body when its highly complex 
molecules are broken down physically by the teeth and 
muscles of the gut wall, and chemically by its enzymes into 
molecules of a suitably small size to be absorbed into the 
blood capillaries surrounding the small intestine. From 
here they are delivered to the cells of the body tissues 
where they undergo assimilation. The pattern of enzymatic 
digestion can be seen in fig 10.16. 

The gut is a locally differentiated structure, that is it is 
specialised at various points along its length, with each 
region designed to carry out a different role in the overall 
processes of digestion and absorption. It begins with the 
mouth and buccal cavity which are followed by the 
pharynx, oesophagus, stomach, the small intestine com- 
prising the duodenum and ileum, the large intestine 
consisting of the caecum, bearing the appendix, colon and 
rectum and terminating at the anus (fig 10.17 and table 
10.7). 

Whilst each different portion of the digestive tract 
possesses its own special characteristics, all conform to a 
basic common structure as shown in fig 10.18. This consists 
of four distinct layers: the mucosa, submucosa, muscularis 
externa and serosa. 


Mucosa. This is the innermost layer of the 
gut and is composed of glandular epithelium which secretes 
copious quantities of mucus and may secrete a number of 
digestive enzymes. The mucus lubricates the food and 
facilitates its easy passage along the digestive tract. It also 
prevents digestion of the gut wall by its own enzymes. The 
epithelial cells rest on a basement membrane beneath 
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Fig 10.16 General pattern of enzyme digestion in the human alimentary canal 


303 


Table 10.6 Sources and functions of principal 


vitamins required in the human diet. 


Name of vitamin and Principal sources 
its designated letter 


Function 


Deficiency diseases and symptoms 


Fat-soluble vitamins 
A Halibut and cod-liver oil; ox 


Retinol liver; milk and derivatives; 
carrots; spinach; watercress 

D Halibut and cod-liver oil; egg 

Calciferol yolk; margarine; made by the 
action of sunlight on lipids in 
the skin; milk 

E Wheat germ; brown flour; 

Tocopherol liver; green vegetables 

K Spinach; cabbage; brussels 

Phylloquinone sprouts; synthesised by bacteria 


in the intestine 


Water-soluble vitamins 
B, Wheat or rice germ; yeast 


Thiamin extract; wholemeal flour; liver; 
kidney; heart 

B, Yeast extract; liver; eggs; milk; 

Riboflavin cheese 

B, Eggs; liver; kidney; whole 

Pyridoxine grains; vegetables; fish 

B. In most foods 


Pantothenic acid 


B,(pp) Meat; wholemeal bread; yeast 
Nicotinic acid (niacin) extract; liver 


M or Be Liver; white fish; green 

Folic acid vegetables 

By Meat; milk; eggs; fish; cheese 
Cyanocobalamin 

H Yeast; liver; kidney; egg white; 
Biotin synthesis by intestinal bacteria 
[9 Citrus fruits; green vegetables; 


Ascorbic acid potatoes; tomatoes 


Controls normal epithelial structure and 
growth. The aldehyde form of vitamin A, 
retinal, is essential for the formation of 
the visual pigment rhodopsin, which aids 
‘night vision’. 


Controls calcium absorption from the 
digestive tract, and concerned with 
calcium metabolism. Important in bone 
and tooth formation. Aids absorption of 
phosphorus. 


In rats, it affects muscles and the repro- 
ductive system and prevents haemolysis 
of red blood corpuscles. Function in Man 
is unknown. 


Essential for final stage of prothrombin 
synthesis in the liver. Therefore it is a 
necessary factor for the blood-clotting 
mechanism. 


Acts as a coenzyme for decarboxylation. 
Aids chemical changes in respiration, 
especially in Krebs cycle. 


Forms part of the prosthetic group of 
flavoproteins which are used in electron 
transport. 


Phosphorylated pyridoxine acts as a 
coenzyme for amino acid and fatty acid 
metabolism. 


Forms part of coenzyme A 
molecule which is involved in activation 


of carboxylic acids in cellular metabolism. 


Essential component of the coenzymes 
NAD, NADP which operate as hydrogen 
acceptors for a range of dehydrogenases. 
Also a part of coenzyme A. 


Formation of red blood corpuscles. 
Synthesis of nucleoproteins. 


RNA nucleoprotein synthesis. Prevents 
pernicious anaemia. 

Used as a coenzyme for a number of car- 
boxylation reactions. Involved in protein 
synthesis and transamination. 


Concerned with the metabolism of 
connective tissue and the production of 
strong skin. Essential for collagen fibre 
synthesis. 


Skin becomes dry, cornea becomes dry and 
mucous membranes degenerate. Poor 'night 
vision'. Serious deficiency results in complete 
night blindness. 

Xerophthalmia — permanent blindness may 
occur if the vitamin is not added to the diet. 


Rickets — this is the failure of growing bones to 
calcify. Bow legs are a common feature in 
young children and knock knees in older ones. 
Deformation of the pelvic bones in adolescent 
girls can occur which may lead to complications 
when those girls give birth. 

Osteomalacia — an adult condition where the 
bones are painful and spontaneous fractures 
may occur. 


Can cause sterility in rats. Muscular dystrophy. 
Anaemia — increased haemolysis of red blood 
corpuscles. 


Mild deficiency leads to a prolonged blood- 
clotting time. 

Serious deficiency means blood fails to clot at 
all. 


Beriberi — nervous system affected. 

Muscles become weak and painful. Paralysis 
can occur. 

Heart failure. Oedema. Children’s growth is 
impaired. 

Keto acids, e.g. pyruvic acid, accumulate in the 
blood. 


Tongue sore. 
Sores at the corners of the mouth, 


Depression and irritability. 
Anaemia. Diarrhoea. Dermatitis. 


Poor neuromotor coordination. Fatigue. 
Muscle cramp. 


Pellagra — skin lesions, rashes. 
Diarrhoea. 


Anaemia — particularly in women during 
pregnancy. 
Pernicious anaemia. 


Dermatitis. 
Muscle pains. 


Scurvy — skin of gums becomes weak and 
bleeds. Wounds fail to heal. Connective 
tissue fibres fail to form. 

Anaemia. Heart failure. 
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Table 10.7 Summary of the functions of the different 
parts of the human digestive system. 


Specialised part Function 


Buccal cavity Ingestion, mastication 


Pharynx Swallowing 
Oesophagus Links pharynx to stomach 

Stomach Food storage and digestion of protein 
Duodenum Digestion and absorption 

liver (bile) Emulsification of fats 

pancreas 

(pancreatic juice) Digestion of starch, protein and fat 
Ileum Completion of digestion and absorption 
of food 

Colon Absorption of water 

Rectum Formation and storage of faeces 
Anus Egestion 


which is the lamina propria, containing connective tissue, 
blood and lymph vessels. Outside this is a thin layer of 
smooth muscle, the muscularis mucosa. 


Submucosa. This is a layer of connective 
tissue containing nerves, blood and lymph vessels, collagen 
and elastic fibres. It may contain some mucus-secreting 
glands which deposit their contents onto the surface via 
ducts, such as Brunner's glands in the duodenum. 


Muscularis externa. This layer is composed 
of an inner circular and an outer longitudinal layer of 
smooth muscle. Coordinated movements of the two layers 
provide the wave-like peristaltic activity of the gut wall 
which propels food along. At a number of points along the 
gut the circular muscle thickens into structures called 
sphincters. When these relax or contract they control the 
movement of food from one part of the alimentary canal to 
another. They are found at the junctions of the oesophagus 
and stomach (cardiac sphincter), stomach and duodenum 
(pyloric sphincter), ileum and caecum, and at the anus. 


— mesentery 


serosa - areolar connective tissue 

longitudinal muscle 

Auerbach's plexus - controls peristalsis 

circular muscle 

Meissner’s plexus - controls secretion from glands 
submucosa - largely collagen 


— —  — muscularis mucosa 
— — lamina propria - connective tissue, blood and lymph 
— — epithelium (mucosa) 


—— gut lumen 


General plan of gut structure as seen in transverse section 
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Fig 10.19 (a) X-ray of side of human head to show permanent dentition on one side. 
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molar 


root of tooth 


Between the circular and longitudinal muscle layers is 
Auerbach's plexus. This consists of nerves from the 
autonomic nervous system which control peristalsis, Im- 
pulses travelling along sympathetic nerves cause the gut 
muscles to relax and the sphincters to close, whilst impulses 
travelling via the parasympathetic nerves stimulate the gut 
wall to contract and the sphincters to open (section 16.2). 
Between the circular muscle and submucosa is another 
nerve plexus, Meissner's plexus. This controls secretion 
from glands in the gut wall. 


Serosa. This is the outermost coat of the gut 

wall. It is composed of loose fibrous connective tissue. 
The whole of the outer surface of the gut is covered by 
peritoneum. This tissue also lines the abdominal cavity, 
where most of the gut is located, and constitutes the 
mesenteries which suspend and support the stomach and 
intestines from the dorsal body wall. Mesenteries consist of 
double layers of peritoneum containing nerves, blood 
essels and lymph vessels that pass to and from the gut. The 
peritoneum cells are moist and help to reduce friction when 
the gut wall slides over other portions of itself or other 

organs. 


Dentition in Man 


In Man there are two jaws, the fixed upper jaw 

ind the movable lower jaw, with the tongue between each 
alf of the lower jaw. Both jaws bear teeth which are used 
to chew or masticate food into smaller pieces. This is 
mechanical digestion and increases the surface area of food 
for efficient enzyme attack. The teeth are very hard 
structures and ideally suited to their task. Man has two 
successive sets of teeth, a condition called diphyodont. The 
deciduous or milk teeth appear first, only to be progressive- 
ly replaced by the permanent teeth. Human teeth have 
different shapes and sizes and possess uneven biting 


TE 


(d) molar 


10.4.1 


(a) incisor (b) canine (c) premolar 


Fig 10.20 Four different types of teeth in Man 


surfaces, which is known as heterodont. This is in contrast 
to the homodont condition of fish and reptiles where all 
teeth are similar and usually cone-shaped. Man possesses 
32 permanent teeth consisting of eight incisors,- four 
canines, eight premolars and twelve molars. These replace 
the eight incisors, four canines and eight premolars of the 
deciduous dentition. The arrangement of the teeth can be 
conveniently expressed in the form of a dental formula. 
Man's permanent dentition is: 


2 [4 cl pm2 m3] 
2 1 2 3 
where the letters indicate the type of tooth, the numerator 
represents the number of each type of tooth in the upper 
jaw on one side of the head and the denominator represents 
the teeth in the lower part of the jaw on the same side (fig 
10.19). 

The number, size and shape of the teeth differ within the 
buccal cavity of Man and also between different mammals. 
This can be correlated with their different functions and 
different diets respectively. The basic structure and 
function of each type of tooth is as follows. Incisors are 
situated at the front of the buccal cavity. They have flat, 
sharp edges which are used for cutting and biting food (fig 
10.204). Canines are prominently pointed teeth (fig 
10.205). They are poorly developed in Man, but highly 
developed in carnivores where they are designed for 
piercing and killing prey, and tearing flesh. Premolars 
possess one or two roots and two cusps (projections on the 
surface of the tooth) (fig 10.20c). They are specialised for 
crushing and grinding food, although in Man they may also 
be used to tear food. Molars have more than one root; 
upper molars have three roots, lower molars two (fig 
10.204). Each has four or five cusps. They are used to crush 
and grind food. They are not present in the deciduous 
dentition of Man. 
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Fig 10.21 Vertical section of a premolar tooth 
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10.4.2 Generalised structure of a tooth 


The visible part of the tooth termed the crown 
is covered with enamel (fig 10.21), the hardest substance in 
the body. It is relatively resistant to decay. The neck of the 
tooth is surrounded by the gum whilst the root is embedded 
in the jawbone. Beneath the enamel is dentine which forms 
the bulk of the tooth. Though tough, it is not as hard as 
enamel or as resistant to decay. It is ramified by numerous 
canaliculi containing cytoplasmic extensions of odonto- 
blasts (section 8.4.5), the dentine-producing cells. The 
pulp cavity contains odontoblasts, sensory endings of 
nerves and blood vessels which deliver nutrients to the 
living tissues of the tooth and remove their waste pro- 
ducts. 

The root of the tooth is covered with cement, a substance 
similar to bone. Numerous periodontal fibres, connected to 
the cement at one end and the jawbone at the other, anchor 
the tooth firmly in place. However it is still able to move 
slightly and this reduces the chances of it being sheared off 
during chewing. 


10.4.3 The development of teeth in Man 


Teeth begin to form in the embryo after about 
the sixth week of its development. Cells in the buccal 
epithelium divide to form tooth buds. Each bud extends 
into the mesoderm and is termed an enamel organ. 
Gradually this organ becomes concave and develops the 
characteristic shape of a tooth. The enamel organ diffe- 
rentiates into outer and inner epithelia. The inner cells 
enclose a mesodermal core, the dental papilla, from which 
the dentine-producing cells and pulp develop. When 
dentine begins to form, the inner enamel layer differenti- 
ates into ameloblasts which produce enamel. Finally the 
jawbone becomes fashioned into a tooth socket to house 
the growing tooth. Figure 10.22 shows the stages in tooth 
development. The first tooth appears through the gum of a 
baby at about six months after birth. 


enamel organ—, 


epithelium ella 


Deciduous dentition is usually complete by the age of 
three years but the jaws continue growing and these teeth 
soon become too small. At the age of six years the 
deciduous teeth begin to loosen and are replaced by the 
first of the larger permanent teeth. By the age of 13, 28 of 
the permanent teeth should have appeared. The four 
remaining molars, or wisdom teeth, usually appear after 
the age of 17. 

In Man and carnivores the hole at the base of the pulp 
cavity closes when each tooth reaches a particular size and 
prevents it from growing any further. However, in 
herbivores, this does not occur to the same extent and 
nutrients continue to pass to the tooth which grows 
continuously. 


10.4.4 Dental disease 


Two major dental diseases exist, periodontal 
disease and dental caries. Both are caused by plaque which 
is a mixture of bacteria and salivary materials. If allowed to 
accumulate, the bacteria cause inflammation of the gums 
(periodontal disease). Plaque also combines with certain 


chemicals in the saliva which make it harden and ca\cify to 

form deposits of calculus which cannot be removed by 

brushing. Some of the bacteria in plaque convert sugar into 

acid which initiates the process of dental caries (fig 10.23). 
Periodontal disease 

This is a disease of the gums caused by micro organisms 

that are normally present in the mouth in dental plaque, 


especially in the areas between the gums and the teeth. 
Neglect of oral hygiene creates favourable conditions 
for the spread of this disease. Initially periodontal dis- 
ease causes inflammation of the gums. If this condition, 
which is generally painless, is allowed to continue, the 
inflammation may spread to the root of the tooth and 
destroy the periodontal fibres which anchor it in place. 
Eventually the tooth becomes loose and may have to be 
extracted. 
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Fig 10.22 Stages in the development of a tooth 
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2) | (d) 


Fig 10.23 (above) Development of dental plaque. (a) Coccal 


;actería deposit as pioneer species and then multiply to form 

: film. (b) Organisms embedded in a matrix of extracellular 
polymers of bacterial and salivary origin. (c) The complexity of 
the community increases and rod- and filament-shaped 
populations appear. (d) In the climax community many 

nusual associations between different populations can be 
seen, including ‘corn cob' arrangements 


Dental caries 


The microbes in dental plaque convert sugar in the buccal 
cavity to acid. Initially the enamel is slowly and painlessly 
dissolved by the acid. However when the dentine and pulp 
of the tooth are attacked this is accompanied by severe pain 
or 'toothache', and the possible loss of teeth. 


Fig 10.24 (above) (a) Scanning electron micrograph of 
circumvallate papilla of a three-week-old puppy. The taste 
buds are in the trenches surrounding the surface papillae 
(below) (b) VS taste buds in the tongue (b) 


papilla 


Several factors contribute to the spread of dental caries. 
They include prolonged exposure to sugary foodstuffs, 
disturbance of saliva composition, lack of oral hygiene and 
low levels of fluoride in drinking water. Prevention of 
dental caries may be aided by adding fluoride to drinking 
water, fluoridation of some foods such as milk, children 
taking fluoride tablets, brushing teeth with fluoridated 
toothpaste, good oral hygiene and regular visits to the 
dentist and oral hygienist and care with the composition of 
the diet. 


10.4.5 Buccal cavity 


The buccal cavity is the region enclosing the 
jaws and tongue, and is lined by stratified squamous 
epithelium. During mastication the muscular tongue 
moves food around the mouth and mixes and moistens it 
with saliva. The tongue possesses taste buds (fig 10.24) that 
are sensitive to sweet, salty, sour and bitter substances and 
this aids in food discrimination. In Man the tongue is also 
important in speech. 

About 1.5 dm? of saliva are produced by Man each day 
by three pairs of salivary glands (fig 10.25) and numerous 
buccal glands in the mucosa of the buccal cavity. Saliva is a 
watery secretion containing the enzymes salivary amylase 
and lysozyme, sodium chloride and sodium hydrogencar- 
bonate, phosphates, carbonates, Ca^, K^, Mg", sul- 
phocyanide and mucus. The mucus moistens and lubricates 
the food and makes it easier to swallow. Salivary amylase 
begins the digestion of starch first to dextrins, shorter 
polysaccharides, and then to the disaccharide maltose. 
Carnivorous mammals which rapidly gulp large chunks of 
food into their stomachs possess no digestive enzymes in 
their saliva. Lysozyme helps in keeping the buccal cavity 
clear of pathogenic micro organisms by catalysing the 
breakdown of their cell walls. Ultimately the semi-solid, 
partially digested food particles are stuck together by 
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Food in buccal cavity. Epiglottis in 
elevated position. Tongue forces bolus 
against soft palate and closes nasal cavity 
Fig 10.26 Actions involved in the swallowing of food in Man 
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mucin and moulded into a bolus (or pellet) by the tongue, 
which then pushes it towards the pharynx. From here as a 
result of a reflex action it is swallowed into the osesophagus 
via the pharynx. 


10.4.6 Swallowing 

This is initially a voluntary action, but once 
begun it continues involuntarily to its completion. Fig 10.26 
shows the stages involved in swallowing in Man 
10.4.7 Oesophagus 

This is a narrow muscular tube lined by 
stratified squamous epithelium containing mucus siands, 
In Man it is about 25 cm long and quickly conveys food and 
fluids by peristalsis from the pharynx to the stomach. The 
upper part of the oesophagus contains striated mu the 
middle section a mixture of striated and smooth mis. |~ and 


cuboidal cell 
containing a lars, 
nucleus 


Fig 10.25 Salivary gland tissue 
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2 
The glottis (opening into the larynx) is 
closed by the epiglottis, so bolus enters the 
oesophagus not the trachea 
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Fig 10.28 TS gastric pits of a mammal 


longitudinal 
muscle 


*\ lymphoid 
aggregation 


the lower region purely smooth muscle. Carnivores which 
gulp their food in large pieces possess striated muscle along 
the whole length of the oesophagus. 


10.4.8 Stomach 


The stomach in Man is situated below the 
diaphragm and on the left side of the abdominal cavity. It is 
a distensible muscular bag whose function is to store and 
partially digest food. Unlike the other regions of the gut it 
consists of three smooth muscle layers, the outer longitu- 
dinal, middle circular and inner oblique layers which serve 
to churn and mix the food with the gastric secretions. When 
undistended the stomach lies in folds, but when fully 
distended it can hold nearly 5 dm} of food. The thick 
mucosa is liberally supplied with mucus-secreting epithelial 
cells and possesses numerous gastric pits (figs 10.28 and 
10.29). These possess zymogen cells, oxyntic cells and 
enzymes and hydrochloric acid. Collectively the secretions 
of the stomach are called gastric juice. The mucus provides 
a barrier between the stomach mucosa and gastric juice and 
prevents the stomach self-digesting. The cardiac sphincter 
at the junction between the oesophagus and upper cardiac 
region of the stomach and pyloric sphincter at the junction 
ofthe stomach and the duodenum prevent the uncontrolled 
exit of food from the stomach. Both act as valves and serve 
to retain food in the stomach for periods of up to 4 h. 
Periodic relaxation of the pyloric sphincter releases small 
quantities of the food into the duodenum. The mucosa of 
the cardiac region of the stomach contains only mucus 
glands, whilst the main body of the stomach, the fundus, 
contains many long, tubular zymogen or chief glands (fig 
10.29). These possess zymogen cells, oxyntic cells and 
argentaffine cells. 


Zymogen or chief cells. These secrete the 
inactive enzymes pepsinogen and prorennin. 


10.8 Why is it necessary for pepsin to be 
secreted in an inactive state? 


Oxyntic or parietal cells. These secrete a 
0.04-0.05% solution of hydrochloric acid which makes the 
pH of the stomach contents 1-2.5, ideal for the optimum 
activity of the stomach enzymes. The acid kills many 
bacteria, loosens fibrous and cellular components of tissue 
and promotes the conversion of pepsinogen to its active 
form pepsin. Pepsin hydrolyses protein into smaller 
polypeptides and converts more molecules of pepsinogen 
to pepsin, a process known as autocatalysis. Hydrochloric 
acid converts prorennin to rennin which, in turn, coagu- 
lates caseinogen, the soluble protein of milk, into the 
insoluble calcium salt of casein, in the presence of calcium 
ions. This calcium salt is then digested by pepsin. 
Hydrochloric acid renders calcium and iron salts suitable 
for absorption in the intestine, begins hydrolysis of sucrose 
to glucose and fructose and splits nucleoproteins into 
nucleic acid and protein. 
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Fig 10.29 VS stomach wall showing gastric gland 


Argentaffine cells. These produce the intrin- 
sic gastric factor which aids absorption of molecules of the 
vitamin B,, complex. 

The muscles of the stomach wall thoroughly mix up the 
food with gastric juice and eventually convert it into a 
semi-liquid mass called chyme. Gradually the stomach 
empties the chyme into the duodenum via the relaxed 
pyloric sphincter. 


Small intestine 


This consists in Man of an upper tube, 20 cm 
long, called the duodenum, into which open the pancreatic 
and bile ducts. The duodenum leads on to the ileum which 
is about 5 m long (fig 10.30a and b). The submucosa of 
the small intestine is thrown into many folds. The mucosa 
possesses numerous finger-like projections called villi 
whose walls are richly supplied with blood capillaries and 
lymph vessels and contain smooth muscle. They are able 
to constantly contract and relax, thus bringing them- 
selves into close contact with the food in the small intestine 
(fig 10.31). The individual cells on the surface of the villi 
possess tiny microvilli on their free surfaces. 


10.4.9 


10.9 (a) List the features of the small 
intestine which increase its surface area. 
(b) Why is this an advantage to the animal con- 
cerned? 


Throughout the small intestine, mucosal cells secrete 
mucus. Submucosal Brunner’s glands also secrete mucus 
and alkaline fluid in the first part of the duodenum, so 
protecting the intestinal mucosa against the lower pH of the 
stomach and providing an optimum pH of 7-8 at which the 
intestinal enzymes are active. 


10.10 What would happen to the activity 
of the intestinal enzymes if the pH in the duodenum 
remained at 2? 
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Fig 10.30 (a) VS duodenum. (b) VS ileum 


A number of enzymes, constituting the succus entericus, 
are secreted by the mucosal lining of the small intestine. 
They include amylase which converts the amylose of starch 
to maltose, maltase which converts maltose to glucose, 
lactase which converts lactose to glucose and galactose, 
sucrase which converts sucrose to glucose and fructose, 
nucleotidases which convert nucleotides to nucleosides, 
erepsin which is a mixture of aminopeptidases and 
dipeptidases that convert peptides and dipeptides to amino 
acids and enterokinase which is a non-digestive enzyme that 
converts inactive trypsinogen of the pancreatic juice into 
active trypsin. In addition to its own secretions the small 
intestine receives alkaline pancreatic juice and bile from 
the pancreas and liver respectively. Bile, produced by liver 
cells (section 18.4), is stored in the gall bladder and 
contains a mixture of salts, notably sodium glycocholate 
and taurocholate, which reduce the surface tension of fat 
globules and emulsify them into droplets, so increasing 
their total surface area. In this form they are acted upon 
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Fig 10.31 
villus. (b) Scanning electron micrograph showing villi on 
surface of small intestine. (c) Electron micrograph of mucosal 
cell showing microvilli 


(a) TS wall of small intestine of Man showing a 


Table 10.8 Summary of digestive secretions and their action. 


Secretion Enzymes Site of action Optimum pH Substrate 
Saliva (from salivary Salivary amylase Buccal cavity 6.5-7.5 Amylose in starch 
glands) 
Gastric juice (from (Pro)rennin (in young) Stomach 2.00 Caseinogen in milk 
stomach mucosa) Pepsin(ogen) Stomach 2.00 Proteins 
Hydrochloric acid (not Stomach Pepsinogen 
an enzyme) Nucleoproteins 
Intestinal juice Amylase Small intestine 8.5 Amylose 
(from intestinal mucosa) Maltase ” ” Maltose 
Lactase » » Lactose 
Sucrase » m T Sucrose 
Nucleotidases " ” »" Nucleotides 
Erepsin " » y Peptides and dipeptides 
Enterokinase " » " Trypsinogen 
Pancreatic juice Amylase m zs 7.00 Amylose 
(from pancreas) Trypsin(ogen) » š T Proteins 
Chymotrypsinogen 
Chymotrypsin(ogen) » m » Proteins 
Carboxypeptidase m ^" m Peptides 
Lipase ” , Fats 
Nucleases m Nucleic acid 
Fats 


Bile (from liver) Bile salts (not enzymes) 


Products 
Maltose 


Casein 

Peptides 

Pepsin 

Nucleic acid and Protein 
Maltose 

Glucose 

Glucose + galactose 
Glucose + fructose 
Nucleosides 

Amino acids 

Trypsin 

Maltose 

Peptides 
Chymotrypsin 

Amino acids 

Amino acids 

Fatty acids + glycerol 
Nucleotides 

Fat droplets 
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Table 10.9 Comparison of structures of the major regions of the alimentary canal in Man. 


Layer ae id) Meme A \emell intestine Large intestine 
Mucosa Mratifsed | squammoga Memper columnar Sample columnar Sample columnar 
(a) epsthelium baing atmorptive and mucus absorptive and mucis cell 
lumen cet 
Sporcalnation a few Spectaimation gastri Specialisation - Specialisation — intestine! 


mucus glands hocated in 
the lamina propria and 


glands kastes in lamina 
propria, four cell types 


(1) intestinal glands in 
erypts of Lieberkühn 


glands in lamina proprias 


sub mucus t) evo (9) Paneth colts 
(u) parietal (iii) endocrine cells 
(n) peptic (iv) duodenal mucus glands 
(iv) endocrine 
(b) lamina propria Some mucus glands Many gastric glands Intestinal glands and Tubular glands 
prominent lacteals 
(c) muscularis mucosa Present Present Present Present 
Submucona Some deep mucus glands Present Duodenal glands Intestinal glands 
Muscularts inner Transitional from striated With additional inner Present Present 
circular, outer muscle in upper region to most layer of oblique 
longitudinal smooth muse in lower muscle. Circular muscle 
region in Man form cardiac and pyloric 
sphincters 
Serosa Present Present Present Incomplete sero» 


more effectively by lipase. Further information about the 
composition of bile is given in section 18.4 

The pancreas is a large gland whose exocrine tissue 
resembles that of salivary glands (fig 10.32). This tissue is 
composed of groups of cells called acini (singular acinus) 
which produce a variety of digestive enzymes that are 
poured into the duodenum via the pancreatic duct. They 
include amylase to convert amylose to maltose, lipase to 
convert fats to fatty acids and glycerol, trypsinogen, which 
when converted to trypsin by enterokinase digests proteins 
into smaller polypeptides and more trypsinogen into 
trypsin, chymotrypsinogen which is converted to chymo- 
trypsin to digest proteins to amino acids, carboxypeptidases 
to convert peptides to amino acids and nucleases to convert 
nucleic acids to nucleotides 

A summary of the enzymes secreted by the gut of Man, 
and their action is given in table 10.5. Table 10.9 indicates 
the differences in structure between the major regions of 
the alimentary canal in Man 


Fig 10.32 TS pancreas kesve showing pancreatic ducts and 
one islot of Langerhans 
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10.4.10 Absorption of food in the smal! 
intestine 


Absorption of the end-products of d 
occurs through the microvilli of the epithelial cell 
lining the ileum. The structure of the villus is ideal! 
for this function as can be seen in fig 10.31. Monova char 
ides, dipeptides and amino acids are absorbed cit! 
diffusion or active transport into the blood cap 
(section 7.2.2) ° 


ie 


From the villi the blood capillaries converge to fo: 
hepatic portal vein which delivers the absorbed food 


the 
the 


liver. Fatty acids and glycerol enter the columnar epithelial 
cells of the villi. Here they are reconverted into fats. These 
fats then enter the lacteals, Proteins present in these lymph 
vessels coat the fat molecules to form lipoprotein droplets 


called chylomicrons. These pass into the bloodstream via 
the thoracic lymphatic duct. The lipoproteins arc subse 

quently hydrolysed by a blood plasma enzyme and enter 
cells as fatty acids and glycerol where they may be used in 
respiration or stored as fat in the liver, muscles, mesenter 

tet or subcutancous tsue 


Inorganic salts, vitamins and water are also absorbed in 
the «mall intestine 


104.11 Dortsteiele in the alimentary canal of 


Whilst the food is in the alimentary canal it i 
subjected to a number of peristaltic movements. Alternate 


rhythmic contractions and relaxation of its wall produce 
segmenting movements which constrict parts of the small 
intestine and bring chyme and the absorptive mucosal 
hung chow together. Pendular movements are produced 
when loops of the intestine suddenly shorten vigorously, 
throwing food from one end to the other thus thoroughly 
mixing H. As well as this, normal peristaltic activity occurs 
which propels the intestinal contents further along the 
slımentary canal. The ileocaecal sphincter opens and closes 
from time to time, to allow small amounts of residue from 
the deum to enter the large intestine, 


104.12 — Large intestine 


notably calcium and iron, in excess in the body are excreted 
» salts, Mucosal epithelial cells secrete mucus which 
lubricates the solidifying food residue or faeces. Many 
symbiotic bacteria present in the large intestine synthesise 
seno acids and some vitamins, especially vitamin K, 
»wiuch are absorbed into the bloodstream, 


however, of great significance in herbivores (section 
10 4 1). The bulk of the faeces consists of dead bacteria, 
cellulose and other plant fibres, dead mucosal cells, mucus, 
cholesterol, bile pigment derivatives and water. Faeces can 
remain in the colon for 36 h before being passed on to the 
rectum where it is stored briefly before egestion via the 
anus Two sphincters surround the anus, an internal one of 
smooth muscle and under the control of the autonomic 
nervous system, and an outer one of striated muscle 
controlled by the voluntary nervous system. 

in a young baby reflex defaccation occurs when 
distension of the rectum causes relaxation of the internal 
sphincter. Gradually the child learns to bring this reflex 
under control of its higher nervous centres and defaecation 
usually only occurs when the external sphincter is relaxed. 


omens I on 
Materials 


freshly killed adult rat (killed with chioroform) 
mammal Ringer's solution 

large water bath at 37°C 

dissection kit 


binocular microscope 


Method 


(1) Dissoct a freshly killed rat under Ringer's solution at a 
temperature of 37 °C. 
(2) Open the abdomen and examine the gut in situ. 


(3) Watch caretully to see d there are any movements of 
Ine wall of the gut 

(4) Record and identhy as tar as possible all types of 
movement. They may be seen as one of Pree types 
(a) normal penstaisis. 
(0) segmental movement. 
(d pondis movement 
(reter to text for further details) 


and remove separately the stomach, 


cupboard and spray with ninhydrin 

(6) Heat the plates to 100 °C in an oven. 

(7) Examine each plate for purple and other coloured 
spots. The spots indicate the presence of ammo ackts 


Preparing à thie-tayer 
chem atogt sem 


Vbulayer sif ready 
prepared 


| 


minute drop of extract 


Fig 10.33 Preparing a thin-layer chromatogram 


10.4: T and 
Experiment LP 
freshly killed adult rat lodine/potassium iodide 

solution 


watchglasses 
1% starch solution Benedict's solution 
three 15 cm lengths of bunsen burner 


visking tubing asbestos mat 
cotton test-tubes and rack 
boiling tubes teat pipette 

clips 
water bath at 30°C 
stopclock 
Method 


(1) Dissect a freshly killed rat and ligature and extract the 
stomach, small intestine and large intestine separ- 


ately. 
(2) Put each in a watchglass and cover with 1% starch 
suspension. Mix and break up the tissue whilst in the 


watchglass. 

(3) Take three 15 cm lengths of visking tubing (1 om 
diameter) and tie a knot at one end. 

(4) Pour the macerated tissue of each region into the 
three lengths of visking tubing, one for each region, 
and top up with more starch solution until the total 
volume is about 10 cm. Mix each solution thoroughly. 

(5) Lower the three tubes into separate boiling tubes 
containing 10 cm? of distilled water and prevent each 
open end falling into the water by attaching it to the 
side of the boiling tube with a paper clip. 

(6) Set up a control with the visking tubing containing 
10 cm of 1% starch solution only. 

(7) incubate ali tubes in a water bath at 30 °C for 30 min. 

(8) After 30 min perform the following tests on each tube 
and its contents: 

(a) take a drop of solution from each of the visking 
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Chremetegrem sioz 


solvent fron! 


| spots after sproyig 
with ninhydrin 


start line 


tubing contents and test each separately 1%: ine 
presence of starch with iodine/potassium «oe 
solution; 


(b) take a further drop of solution from each c! ‘he 
visking tubing contents and test for reducing = -gar 
using Benedict's solution. Record your res: 

(c) perform separate starch and reducing sugar «^is 
on the water surrounding the visking tubing in - «ch 


tube. 
(9) Construct a table of your results. 
(10) Is there any evidence that gut tissue changes «^«^ 
to reducing sugar? If so which region produces most 


reducing sugar? 
(11) What do your observations indicate about the n» ure 
of visking tubing? 


10.5 The control 
of digestive 


Secretion of digestive enzymes is an enero 
consuming process, and it would be extremely wasteful i! 
the body was constantly producing them, especially in the 
absence of food. Instead the bulk of digestive juice 1 
produced only when there is digestive work to be done. In 
this way the overall control of digestive activity is 
coordinated and regulated as an orderly sequence during 
the digestion of food. 

In the buccal cavity salivary secretion is released by (wo 
reflex reactions, First an unconditional cranial reflex occurs 
when food is present in the buccal cavity, Contact with the 
taste buds of the tongue elicits impulses which travel to the 
brain and from there to the salivary glands which are 
stimulated to secrete saliva. Secondly, there are the 
conditioned reflexes of seeing, smelling or thinking of food 

Secretion of gastric juice occurs in three phases. The first 
is the nervous (or vagus) phase. The presence of food in the 
buceal cavity and its swallowing initiate impulses which 
pass via the vagus nerve to the stomach whose mucosa is 


me n ea 


stimulated to secrete gastric juice. This takes place before 

the food has reached the stomach and therefore prepares it 

to receive food. The nervous phase of gastric secretion lasts 

for approximately 1 h. The second phase is the distension 

phase in which distension of the stomach by the food it 

contains also stimulates the flow of gastric juice. Thirdly, 

there is the gastric (or humoral) phase, in which the 

presence of food in the stomach stimulates the pyloric 

mucosa to produce a hormone, gastrin, which reaches the 

rest of the stomach mucosa via the bloodstream and 

stimulates it to produce gastric juice rich in hydrochloric 

d for about 4 h. 

he phases of gastric secretion can be seen in fig 10.34. 

»terogastrone is another hormone that is released by 

the stomach mucosa in response to the presence of fatty 

: in the food. This generally inhibits hydrochloric acid 

ction, slows down stomach peristalsis and delays its 

crpptying. The intrinsic gastric factor which aids absorption 
imin By is also released by the gastric mucosa. 

cn acidified chyme enters and makes contact with the 

»{ the duodenum it triggers the duodenal mucosa to 

te intestinal juice and also to produce two hormones 

iccystokinin—pancreozymin and secretin. The pan- 

min component of the former hormone is conveyed 

bloodstream to the pancreas as is secretin which also 

yes the liver along with cholecystokinin. Pancreozymin 

s the formation of pancreatic juice rich in enzymes. 

tün stimulates the flow of pancreatic juice rich in 

hy Grogencarbonate, and bile synthesis by the liver. Chole- 

€ inin causes contraction of the gall bladder and subse- 

‘lease of bile into the duodenum. 
le 10.10 summarises the endocrine control of the 
various secretions of the alimentary canal and its associated 


The fate of the absorbed food 
materials 


Carbohydrates and amino acids are both 
orbed into the bloodstream surrounding the small 
estine and passed to the liver via the hepatic portal vein. 
Most of the glucose is stored here or in muscle as glycogen 
and fats, though some leaves via the hepatic vein to be 
distributed round the body where it is oxidised during 


respiration. Between meals, if the body requires more 
energy, glycogen can be reconverted to glucose and 
transported by the blood to those tissues in need. 

Amino acids are used for the synthesis of new proto- 
plasm, the repair of damaged parts of the body and the 
formation of enzymes and hormones. Surplus amino acids 
cannot be stored and are deaminated in the liver. Their 
amino (NH,) groups are removed and converted to urea 
which is delivered via the bloodstream to the kidneys and 
excreted in the urine. The remainder of the amino acid 
molecule is converted to glycogen and stored. 

Absorbed fats bypass the liver and enter the venous 
bloodstream via the thoracic lymphatic duct. Fats repre- 
sent the major energy store of the body. Normally, 
however, glucose is in adequate supply and the fats are not 
required for energy production. In this case they are stored 
in subcutaneous adipose tissue, around the heart and 
kidneys and in the mesenteries. Some fat is incorporated 
into plasma and nuclear membranes. 


10.7 


Regulation of food intake in Man 


The regulation of food intake in Man is under 
the general control of two centres in the hypothalamus of 
the brain, the hunger and satiety centres. Stimulation of the 
hunger centre causes the individual to seek and eat food, 
whilst stimulation of the satiety centre inhibits food intake. 
The most important factor influencing both these centres is 
the level of glucose in the blood. This is monitored by the 
hypothalamus and gives a good indication of the nutritional 
condition of the body. 

Shortly after a meal, blood glucose level is high and this 
stimulates the satiety centre to inhibit the body from eating 
any further food. A long time after a meal the blood 
glucose level will be low, and this condition triggers the 
hunger centre into action (fig 10.35). 

This seemingly quite simple explanation is not by any 
means the complete story. Whether or not food is 
consumed is also affected by other subsidiary factors which 
include stretch reflexes in the alimentary canal, the 
psychological state of the individual, conscious habits and 
damage to or impairment of the brain. Any of these may 
upset the activity of the hypothalamic centres and cause 
abnormal responses towards food intake. 


Table 10.10 Summary of endocrine control of the secretions of the alimentary canal and its associated organs in Man. 


Hormone Site of production Stimulus for secretion 


Target organ Response 


Stomach mucosa 


Stomach mucosa 
and small intestine 


Gastrin 


Enterogastrone Fatty acids in food 


Duodenal mucosa Food in the duodenum 


Duodenal mucosa 
Duodenal mucosa 


Pancreozymin 
Cholecystokinin 
Acid and food in the 
duodenum 


Secretin 


Distension of stomach by food Stomach 


Fatty food in the duodenum 


Increased secretion of HCI 


Stomach Inhibits HCI secretion, slows peristaltic activity, 
delays emptying 

Pancreas Increased secretion of pancreatic enzymes 

Gall bladder Contraction of gall bladder to release bile 

Pancreas Increased flow of hydrogencarbonate in 
pancreatic juice 

Liver Synthesis of bile 
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nervous (vagus) 


gastric 
(humoral) 


Gastric secretion 


Fig 10.34 (left) Phases of gastric secretion (From J. 
H.Green (1968) An introduction to human physiology, Oxford 
Medical Publications.) 
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10.8 


Variations in the mammalian 
alimentary canal 


10.8.1 A carnivore — the cat 


The cat is a carnivore and has teeth adapted 
for catching and breaking down animal food. The dental 


formula is: 
m 1] 
1 


The closely fitting incisors are small and chisel-shaped and 
used to tear away flesh near the bone surface. The enlarged 
canines are curved and fang-like and used to seize and kill 
prey, and tear off flesh. Two cheek teeth on each side of the 
jaws are considerably enlarged — with prominent ridges 
running parallel with the line of the jaw. These are the 
carnassial teeth (third upper pm and first lower m). They 
act rather like the two blades of a pair of scissors with the 
inner surfaces of the teeth of the upper jaw moving closely 
apainst the outer surfaces of the teeth in the lower jaw as 
they shear flesh from the prey. The other cheek teeth are 
flattened and possess sharp edges used for cutting flesh and 
cracking bones. 

The jaw joint operates as a closely fitting hinge and 
permits only up-and-down movement. The cheek teeth, 
which require the greater force for their operation, are 
placed nearest the joint. 


cl pm3 
1 2 


318 


/ 
VA 


= 
B m^ begin m E 


eating ^ 


Contraction of the temporal muscle closes the lower jaw. 
It is attached to a prominent bony extension from the lower 
jaw which projects upwards towards the ears. [his 
particular arrangement provides efficient leverage on the 
food as it is being sheared by the teeth, or when the cat's 
mouth is snapping shut whilst killing its prey. Another 
muscle, the masseter, pulls the base of the lower jaw 
upwards and reduces the strain on the jaw joint (fig 10.36). 
3rd premolar(carnassial) 
incisor |. B 
\ \ 
canine 
temporalis 
muscle 
premolars — 
incisor — 
canine. masseter 
f muscle 
/ 
premolars molar 
Ist molar 
(carnassial) 


Fig 10.36 Jaws, dentition and musculature of the cat 


10.8.2 A herbivore — the sheep 


A sheep eats grass and its dentition is closely 
correlated with its feeding habits and diet. Its dental 
formula is: 


2 [2 c0 pm3 m3 
3 1 2 3 


Upper incisors and canines are absent. In their place is a 
horny pad against which the chisel-shaped lower incisors 
and canines bite when the sheep is cropping grass. Between 
the front and cheek teeth is a large gap, the diastema, which 
provides space for the tongue to manipulate the cropped 
n such a way that grass being chewed is kept apart 
hat freshly gathered. 

cheek teeth possess broad grinding surfaces whose 
; further increased by the surfaces of the upper teeth 
being folded into a W-shape and those of the lower teeth 
being folded into an M-shape. The ridges of the teeth are 
composed of hard enamel whilst the troughs are of dentine. 
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Fig 10.37 Jaws, dentition and musculature of the sheep 


The jaw joint is very loose and allows forward, backward 
and sideways movement. During chewing the lower jaw 
moves from side to side, with the W-shaped ridges of the 
upper cheek teeth fitting closely into the grooves of the 
M-shaped lower teeth as they grind the grass. The masseter 
muscle is large, and the temporal small, the reverse 
arrangement of that of the cat (fig 10.37). 

10.8.3 Cellulose digestion in ruminants 
(such as sheep and cattle) 


Ruminants possess highly complex alimentary 
canals. A number of compartments precede the true 
Stomach, the first of which is the rumen. This acts as a 


fermentation chamber where food, mixed with saliva, 
undergoes fermentation by symbiotic microorganisms. 
Many of these produce cellulases which digest cellulose. 
Their presence is absolutely essential to the ruminant as it is 
unable to manufacture cellulase itself. The end-products of 
fermentation are acetic, propionic and butyric acids, 
carbon dioxide and methane. The acids are absorbed by the 
host, who uses them as a major source of energy during 
oxidative metabolism. In return the microorganisms 
obtain their energy requirements through the chemical 
reactions of fermentation and an ideal temperature in 
which to live. 

A ruminant is able to regurgitate and rechew partially 
digested material from the rumen. This is called rumination 
or ‘chewing the cud’. The food is then reswallowed and 
undergoes further fermentation. Eventually the partially 
digested food is passed through the initial compartments of 
the alimentary canal until it reaches the abomasum which 
corresponds to the stomach in Man. From here onwards 
food undergoes digestion by the usual mammalian diges- 
tive enzymes (fig 10.38). 
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Fig 10.38 Complex arrangement of compartments preceding 
the small intestine in a ruminant 
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Chapter Eleven 


Energy utilisation 


En living cell is a complex entity characterised by a high 
des ce of order within its system. Experiments have 
revealed that the cell interior as a whole is continuously 


ac with materials constantly entering and leaving it. 
/ ctions proceeding in the cell can be grouped into two 
cot vories. Anabolic reactions are the synthesis of large 
n ules from smaller, simpler molecules. Energy is used 
ir process (that is the process is endergonic). 
A-B-—AB [+AG] 

(N e AG = free energy change of a reaction.) 

C /^59lie reactions are the breakdown of large molecules 
te iller, simpler molecules usually accompanied by 
ri of energy (so the process is exergonic). Sometimes 
t ipler molecules can be used for biosynthesis again. 


AB>A+B [-AG] 


[! is important to note that not every catabolic reaction 
l es energy. Some degradations that the cell performs 


in ser to eliminate unwanted substances are actually 
€ onic.] 

I n total of catabolic and anabolic reactions occurring 
i ime in a cell represents its metabolism: 


catabolism + anabolism = metabolism 


en " 
(su ) anabolic 
vitamins reactions | free vitamins 
organic ws proteins organic amino acids 
compounds — — fats compounds fatty acids and glycerol 
carbohydrates _ simple sugars 
autc zi catabolic 
nutrition reactions, e.g. 
respiration x 
diffusi "mechanical 
iffusion > 3 
cell division 


Organic compounds that enter a cell provide it with two 
essentials. These are small ‘building’ molecules, which are 
used for biosynthesis of new cellular components or the 
replacement of components past their useful life, and 
chemical energy. Generally when nutrients are degraded 
within a cell, energy is liberated. Much of it is utilised by 
the cell to maintain its own life processes. It is transferred 
to various sites in the cell and converted into different 
forms. Each form of energy may then be used for a 
particular job of work within the cell. This may be 
biosynthesis, mechanical work, cell division, active trans- 
port, osmotic activity, and, in some specialised cells, 
muscular contraction, bioluminescence or electrical dis- 
charge (fig 11.1). Chemical energy is most appropriate for 
use by living cells as it can be transferred within and 
between cells quickly, and released in economically 
regulated amounts as, and when, required. All energy is 
derived from the sun. Energy is readily convertible into its 
different forms by organisms, but to enter the food chains 
solar energy must be absorbed by green plants (auto- 
trophs), and converted by their chlorophyll-containing 
cells into chemical energy (contained in the simple sugar 
glucose or polysaccharide starch) by the process of 
photosynthesis. A portion of this energy is liberated and 
used by plants for their own requirements. Animals have to 
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EXTRACELLULAR ENVIRONMENT 


Fig 11.1 Energy transfer between the environment and a 
heterotrophic cell. It is important to remember that whenever 
one form of energy is converted into another, a certain 
proportion of it is dissipated as heat 
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find a ready-made source of energy (that is foodstuffs). 
Some of them obtain this by feeding on plants (herbivores), 
whilst others (carnivores) devour the tissues of herbivores 
for their energy supply (see chapter 12). 


11.1 


Role of respiration 


Respiration may be defined as generally any 
process that liberates chemical energy when organic 
molecules are oxidised. Where the process occurs within 
cells it is called internal, tissue or cell respiration. If it 
requires oxygen, it is aerobic respiration; whereas if the 
reaction takes place in the absence of oxygen, it is 
anaerobic respiration. 

Organic molecules (usually carbohydrate or fat) are 
broken down bond by bond, by a series of enzyme- 
controlled reactions. Each releases a small amount of 
energy, much of which is channelled into molecules of a 
chemical nucleotide called adenosine triphosphate (ATP). 

Tissue respiration must not be confused with the 
processes of acquiring and extracting oxygen from, and 
discharging carbon dioxide into, the environment. These 
are collectively termed external respiration, or preferably 
gas exchange. They may involve organs or structures with 
specialised surfaces for the efficient exchange of gases, over 
which air or water is pumped by various respiratory 
movements (section 11.6). 


11.2 ATP (adenosine triphosphate) 


ATP is composed of the purine adenine linked 
to the 5C sugar ribose and three phosphate groups (fig 
11.2). When the bonds of the two end phosphate groups of 
ATP are hydrolysed, the free energy yield for each is of the 
order of 30.6 kJ, whereas if the third phosphate group is 
hydrolysed the energy yield is only 13.8 kJ (table 11.1). It is 
because of this that ATP and ADP (adenosine diphos- 
phate) are popularly, though erroneously, believed to 
possess 'energy-rich' bonds (often signified (—)). The 
reason why ATP releases more energy on hydrolysis than 
many other compounds is not clear. However it is thought 
to involve the distribution of charges within the molecule. 


Table 11.1 Free energy of hydrolysis of phosphate 
compounds. 


Compound AG (free energy 
change) (kJ mol!) 

Phosphoenolpyruvic acid =62.1 

1,3 diphosphoglyceric acid —49.5 

Creatine phosphate —43.3 

ATP (to ADP and phosphate) —30.6 

ADP (to AMP and phosphate) —30.6 


AMP (to adenosine and phosphate) —13.8 
Glucose-6-phosphate —13.8 
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OH OH 


Fig 11.2 Structure of ATP. The two end phosphate groups 
are attached by pyrophosphate bonds, which when 
hydrolysed yield a large quantity of free energy 


More chemical energy is said to be required to maintain its 
integrity. This is not contained in any one bond, but is a 
property of the whole molecule. 


11.1 Table 11.1 shows that ATP is not by 
any means the most 'energy-rich' compound in cells. 
What is the significance of ATP lying in an intermedi- 
ate position in the table? 


11.2.1 Importance of ATP 


ATP is the standard unit in which the energy 
released during respiration is stored. To make one ATP 
molecule from ADP and phosphate 30.6 kJ of energy are 
required. Therefore it can only be formed from reactions 
that yield more than 30.6 kJ mol-!. Any energy liberated in 
excess of 30.6 kJ mol-!, and all that from reactions that 
yield less than 30.6 kJ mol-!, cannot be stored in ATP and 
is lost as heat. 

Because all the chemical energy is in one form (ATP), 
the energy-consuming processes need only one system that 
can accept chemical energy from ATP. Thus a great 
economy of mechanism is achieved. 

ATP is an instant source of energy within the cell. It is 
mobile and transports chemical energy to energy- 
consuming processes anywhere within the cell. When the 
cell requires energy, hydrolysis of ATP is all that has to 
occur for the energy to be made available. ATP is found in 
all living cells, and hence is often known as the universal 
energy carrier. 

ADP may be rephosphorylated to ATP by respiratory 
activity (fig 11.3), or by another ‘high-energy’ compound, 
such as creatine phosphate which is present in muscle cells. 
If all available ADP of a muscle cell has been converted to 
ATP, phosphate is transferred from ATP to creatine to 
form creatine phosphate. This releases a quantity of ADP 
which can combine with more phosphate to make extra 
ATP. The reverse occurs when ATP levels decrease: 
phosphate is transferred from creatine phosphate to ADP 
thus restoring ATP stocks (fig 11.4). 


(a) 
(ATP) 


‘high-energy bond’ 
santos (B (E) 


+ H,O [hydrolysis 


adenosine (P^ (P) (5 + 30.6 kJ mol! 


(ADP) 


on work 
(b) respiratory activity 
(1 )———MÓ) adenosine-(P (P) 
*—^ energy yield 


of 30.6, kJ 
or more from 
respiration 


(ADP) 


\ third way to rephosphorylate ADP is by photophos- 


phorylation by chlorophyll-containing cells of green plants 
(section 9.4). 

Ihe metabolic role of ATP is significant in that it lies at 
the centre of cellular activity, acting as a common 
intermediate between respiration and energy-requiring 
processes, with phosphate being consistently removed and 
replaced 

11.2 ‘The role of ATP can be compared 


vih that of a battery.’ Explain this statement. 


11.3 


Biological oxidation 


In general, cell oxidations are of three types: 
(1) A + Oo, AO, 
direct oxidation by molecular oxygen; 
(2) AH, + B > A + BH, 


where A is oxidised at the expense of B; 


11.3 Whatisthis type of oxidation called? 


11.4 What are enzymes which carry out 
this type of oxidation called? 


(3) Fe?* — Fe? + e 


where an electron transfer occurs, such as the oxidation of 
one ionic form of iron (Fe?*) to another (Fe**). 

Each type of oxidation is to be found in the series of 
reactions which are collectively termed aerobic respiration. 


11.3.1 Cell respiration in outline 


Cell respiration involves oxidation of a sub- 
strate to yield chemical energy (ATP). Organic compounds 
Which are used as substrates in respiration are carbohy- 
drates, fats and proteins. 


Fig 11.3 (left) (a) Hydrolysis, and (b) rephosphorylation, of 
ATP by respiratory activity 


Fig 11.4 (below) Energy-phosphate transfer between ATP 
and creatine 

ADP creatine S (P) ADP 
ATP æ » creatine ATP 


Carbohydrates. These are usually the first 
choice of most cells. In fact brain cells of mammals cannot 
use anything but glucose. 

Polysaccharides are hydrolysed to monosaccharides 
before they enter the respiratory pathway: 


starch in plants 


— M l 
or = glucose 
A 


glycogen in animals 


Fats. They form the ‘first reserve’ and are 
mainly used when carbohydrate reserves have been 
exhausted. However in skeletal muscle cells, if glucose and 
fatty acids are available, these cells respire the acids in 
preference to glucose. 


Proteins. Since proteins have other essential 
functions, they are only used when all carbohydrate and fat 
reserves have been used up, as during prolonged starva- 
tion. 

When glucose is the substrate, its oxidation can be 
divided into three distinct phases: glycolysis (the Embden- 
Meyerhof pathway); oxidative decarboxylation (Krebs, or 
citric acid cycle or TCA, tricarboxylic acid cycle); oxidative 
phosphorylation (respiratory chain incorporating hyd- 
rogen and electron transfer). Glycolysis is common to 
anaerobic and aerobic respiration, but the other two phases 
only occur when aerobic conditions prevail. Details of each 
of the processes are to be found later in this chapter, but an 
outline is given below. 


11.3.2 Glycolysis and the Krebs cycle 


During aerobic respiration glucose is oxidised 
by a series of dehydrogenations. At each dehydrogenation, 
hydrogen is removed and used to reduce a coenzyme: 


dehydrogenase 


AH, * B ———— ——- A * BH, 
reduced coenzyme oxidised reduced 
respiratory (hydrogen respiratory coenzyme 
substrate acceptor) substrate 


ww 
N 
2 


Most of these oxidations occur in the mitochondrion, 
where the usual coenzyme hydrogen acceptor is NAD 
(nicotinamide adenine dinucleotide): 
NAD + 2H — NADH, 
or, more accurately, 
NAD* + 2H — NADH + H* 


NADH, then enters the respiratory chain to be reoxidised. 
11.3.3 The respiratory chain and oxidative 
phosphorylation 


NADH, is oxidised back to NAD and the 
hydrogen released is passed along a chain of at least five 
carrier substances to the end of the chain where the 
hydrogen combines with molecular oxygen to form water. 
The passage of hydrogen along this ‘respiratory chain’ of 
carriers involves a series of redox reactions. The energy 
released from some of these is sufficient to make ATP, a 
process called oxidative phosphorylation. The net yield per 
molecule of glucose completely oxidised to water and 
carbon dioxide is 38 molecules of ATP, synthesised from 
ADP and inorganic phosphate. Glycolysis yields two ATP, 
Krebs cycle two ATP and the respiratory chain 34 ATP 
(fig 11.5). 


Fig 11.5 Aerobic respiration in outline 


11.34 — Glycolysis in detail 


Glycolysis represents a series of reactions in 
which a glucose molecule is broken down into two 
molecules of pyruvic acid (fig 11.6). It occurs in the 
cytoplasm of cells, not in the mitochondria, and does not 
require the presence of oxygen. The process may be 
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Fig 11.6  Giycolysis in outline 


subdivided into two steps, first the conversion of glucose 
into fructose 1,6-diphosphate, and secondly the splitting of 
fructose-1,6-diphosphate into two 3C sugars which are 
later converted into pyruvic acid. Two ATP molecules are 
used up for phosphorylation reactions, in the first step, 
whilst four ATP molecules are produced in the second step, 
Therefore there is a net gain of two ATP molecules. Four 
hydrogen atoms are also released. Their fate will be 
discussed later. The equation of the overall reaction is: 


C,H,0, — 2C\H,O, + 4H + 2ATP 
glucose — pyruvic acid (net gain) 


The input and output of materials during glycolysis is 
shown in table 11.2. 


Table 11.2 Input and output of materials during glycolysis, 


———= 
Total input Total output 
1 molecule of glucose (6C) 2 molecules of pyruvic acid (2*3C) 
2 ATP 4 ATP 
4 ADP 2 ADP 
2xNAD 2xNADH, 
2xP, 2xH,0 


ee 


The ultimate fate of pyruvic acid depends on the 
availability of oxygen in the cell, If it is present, pyruvic 
acid will enter a mitochondrion and be completely oxidised 
into carbon dioxide and water (aerobic respiration). If 
oxygen is unavailable, pyruvic acid will be converted into 
ethanol or lactic acid (anaerobic respiration). 
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11.3.5 Aerobic respiration 


There are two phases involved in aerobic 
respiration, First, if sufficient oxygen is available, each 
pyruvic acid molecule enters a mitochondrion where its 
oxidation is completed by aerobic means. This involves 
oxidative decarboxylation of pyruvic acid, that is the 
removal of carbon dioxide together with oxidation by 
dehydrogenation, During these reactions acid 
combines with a substance called coenzyme A (often 
written CoAS—H) to form acetyl coenzyme A. Sufficient 
energy is released to form an ‘ " bond in the 
acetyl CoA molecule. In reality the complete reaction is 
much more complex than this description suggests and 
involves five different coenzymes and three different 
enzymes. 

The overall reaction is: 


CH,COCOOH + CoAS—H + NAD — 
CH,CO~S—CoA + CO, + NADH, 
acetyl CoA 


Fig 11.7 Giycolysis in detail. General biochemistry of 
Coe men qe nale angry e d 


two for each 3C compound 


The NADH, formed as a result of acetyl CoA formation is 
collected and channelled into the respiratory chain in the 
mitochondrion. 

The second phase is the Krebs cycle (named after its 
discoverer, Sir Hans Krebs). The acetyl component of 
acetyl CoA possesses two carbons and is passed into the 
Krebs cycle when acetyl CoA is hydrolysed. The acetyl 
component combines with oxaloacetic acid, a 4C com: 
pound, to form citric acid (6C). This reaction requires 
energy which is provided at the expense of the energy-rich 
bond of acetyl CoA. A cycle of reactions follows during 
which the acetyl groups fed in by acetyl CoA arc 
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dehydrogenated to release four pairs of hydrogen atoms 
and decarboxylated to form two molecules of carbon 
dioxide. During the latter process oxygen is taken from two 
molecules of water and used to oxidise two carbon atoms to 
carbon dioxide. This is termed oxidative decarboxylation. 
At the end of the cycle, oxaloacetic acid is regenerated and 
able to link up once again with another molecule of acetyl 
CoA, and so the cycle continues. One molecule of ATP, 
four pairs of hydrogen atoms and two molecules of carbon 
dioxide are released per molecule of acetyl CoA oxidised. 
The hydrogen atoms are accepted by NAD or FAD 
(section 6.2.3) and are eventually passed into the respira- 
tory chain. As two molecules of acetyl CoA are formed 
from one oxidised glucose molecule, Krebs cycle must 
rotate twice for each molecule respired. Therefore the net 
result is two ATP synthesised, four carbon dioxide 
liberated, and eight pairs of hydrogen atoms released for 
entry into the respiratory chain (fig 11.8). 

The overall reaction for glycolysis, acetyl CoA formation 
and Krebs cycle is: 


C,H,,0, + 6H;0 > 6CO, + 4ATP + 120 H, 


where O =hydrogen acceptor. 


11.3.6 Oxidative phosphorylation and the 


respiratory chain 


The pairs of hydrogen atoms removed from 
respiratory intermediates by dehydrogenation reactions 
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Fig 11.8 Simplified diagram of the Krebs cycle 


during glycolysis and the Krebs cycle are ultimately 
oxidised to water by molecular oxygen with accompanying 
phosphorylation of ADP to form ATP molecules. This is 
accomplished when hydrogen, released from NADH, or 
FADH,, is passed along a chain of at least five intermediate 
substances, which include flavoprotein, coenzyme Q anda 
number of different cytochromes, until at the end the 


hydrogen combines with molecular oxygen to form water. 
As a result of the passage of hydrogen the intermediate 
carriers undergo a series of redox reactions, and they are 
arranged in such a way that at three points in the chain, 
each time the hydrogen atoms are passed from one 
intermediate to another, a small amount of energy is 
liberated and incorporated into a molecule of ATP. Fig 
11.9 represents the respiratory chain (or electron transport 
chain). In fact the initial part of the chain effects mainly 
hydrogen transfer whilst the latter portion operates purely 
electron transfer. Carriers X, Y and Z are cytochromes. X 
and Y contain a protein pigment with an iron-containing 
prosthetic group called haem, as occurs also in haemoglo- 
bin. During each redox reaction the iron ion is alternately 
in its oxidised (Fe?*) and reduced (Fe?*) forms. Finally, at 
the terminal stage, carrier Z, which contains copper and is 
commonly called cytochrome oxidase (cytochrome a/4;). 
promotes the reduction of molecular oxygen to water. This 


stage of cell oxidation can be inhibited by potassium 
cyanide or carbon monoxide. 


11.3.7 Hydrogen and electron carriers 


NAD and NADP (nicotinamide adenine 
dinucleotide (phosphate)) 


These are closely related coenzymes, both derived from 
nicotinic acid (vitamin B complex). Each molecule is 
clectropositive (lacks one electron) and can carry an 


NADH, E x 
NAD VH; w H. 


electron as well as a hydrogen atom. When a hydrogen pair 
is accepted, one hydrogen atom dissociates with its electron 
and proton: 


H Ht +e 
hydrogen proton electron 
atom or 


hydrogen ion 


The other hydrogen atom remains whole and becomes 


attached to NAD(P). 

b X. 

z Y Pa 50, 
F. - 


2H 


1.9 (above) Diagrammatic representation of the 
tory chain which effects hydrogen-electron transfer. 
Points at which enough energy is liberated to form ATP are 
not shown. Not all carriers are shown 


2H succinic acid 3H 
ADH 
FAD FADH, 
—NAD 
"d > 
/ FP 
C. 
FPH, 
a CoQH, 
CoQ 


ADP ATP 


Fig 11.10 (below) Respiratory chain. Each cytochrome can 
only carry one electron, and it is thought that there are two 
ranks of cytochromes in each respiratory pathway. Only one is 
shown in the figure, but values have been doubled in order to 
obtain the correct end-product of the reaction. The electrons 
flow downhill in energy terms 
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The overall reaction is: 


NAD(P)* +H 
whole dissociated 
atom hydrogen atom 


[H* + &|]—-NAD(P)H + Ht 
reduced free proton 
coenzyme in medium 


or, more simply, 


NAD(P) + H, NAD(P)H, 
The free proton is used later to reoxidise the coenzyme 
when the hydrogen is released. 


Flavoproteins 

These are coenzymes derived from vitamin B,. FAD (flavin 
adenine dinucleotide) is the prosthetic group, whilst the 
protein part of the molecule acts as an enzyme. In the 
respiratory chain the protein part acts as NAD dehydro- 
genase and catalyses the oxidation of reduced NAD. The 
hydrogen is carried by the flavoprotein in the form of whole 
atoms. 

In the Krebs cycle the protein part of FAD acts as 
succinic dehydrogenase. It catalyses the oxidation of 
succinic acid to fumaric acid. Reduced FAD enters the 
respiratory chain at a point after the first ATP synthesis 
site. Therefore only two ATP will be formed from its 
reoxidation (fig 11.10). 


Coenzyme Q 


This has a 6C ring structure. It accepts hydrogen from 
flavoprotein and passes it on to cytochrome b. 


Cytochromes 

All are proteins of relatively low molecular mass. They 
possess tightly bound haems as prosthetic groups, and carry 
electrons rather than hydrogen atoms. The electron- 
carrying component of cytochromes is the iron of the haem 
group. It normally exists in its oxidised state (Fe?*), but 
when it accepts an electron it is reduced to its ferrous state 
(Fe?*). What happens is that each hydrogen atom passing 
from coenzyme Q dissociates into a hydrogen ion and an 
electron: 


H > H+ + e- 
The electron is then accepted by an ion of iron: 


Be të b Fe?+ 
oxidised reduced 


The hydrogen ions are temporarily deposited in the 
surrounding medium until they are required at the end of 
the respiratory chain. 

The electron is passed from cytochrome b to c and finally 
to cytochrome a+ a, a tight-knit complex of two 
cytochromes commonly known as cytochrome oxidase. 
This complex contains copper as well as iron, and 
undergoes a redox reaction when cytochrome a; finally 
passes on electrons to oxygen (fig 11.10). Only one electron 
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at a time can be carried by a cytochrome and it is thought 
that there are two ranks of cytochromes in each respiratory 
chain handling pairs of electrons: 


e» prc et —— ^ T 
H:——> 2H" + 2e PIS 
I 
l 


~Ne + Fe — > Fe 


Y 
With this information about hydrogen and electron carriers 
you should now be able to appreciate a much more detailed 
study of the respiratory chain which is given in fig 11.10. 


Final analysis of aerobic respiration 


glycolysis 
Krebs cycle 


(1) CHO, + 6H,0 6CO, + 12H, + 4ATP 


respiratory 
al Lure 
chain 


(2) 12H, + 60, 12H,O + 34ATP 


Add (1) and (2): 
C,H,0, + 60; 


6CO, + 6H,O + 38ATP 


11.3.8 Anaerobic respiration 

A variety of microorganisms (anaerobes) 
employ anaerobic respiration as their major ATP-yiciding 
process. Indeed, some bacteria are actually killed by 


substantial amounts of oxygen and of necessity have to live 
where there is no oxygen. They are termed obligate 


anaerobes (for example Clostridium botulinum and C. 
tetani). 

Other organisms such as yeasts and alimentary canal 
parasites (such as tapeworms), can exist whether oxygen is 


available or not. These are called facultative anaerobes. 
Also some cells that are temporarily deprived of oxygen 
(such as muscle cells) are able to respire anaerobically. 

With no oxygen available to accept the hydrogen atoms 
released during glycolysis, an alternative acceptor must be 
used instead of NADH,. Pyruvic acid becomes that 
acceptor, and depending on the metabolic pathways within 
the organisms or cells themselves the end-products of 
anaerobic respiration will be either ethanol and carbon 
dioxide (as in yeasts, for example): 


CH,COCOOH—+CH, CHO + CO, 
pyruvic acid 


CH,CHO + NADH; —-CH,CH;OH + NAD 
ethanol 


(this process is termed alcoholic fermentation) or lactic 
acid, as in animals when cells are temporarily deprived of 
oxygen and in some bacteria, for example lactic acid fer- 
mentation in muscle cells: 


CH,COCOOH + NADH, —- CH,CHOHCOOH + NAD 
pyruvic acid lactic acid 


A summary of the pathways of anaerobic respiration is 
given in fig 11.11. 


glucose 
C,H,,0, M 


2ADP +2(P) 
2ATP (net gain) 
2 


t i ) X pyruvic acid 
SH VENAE CH,COCOOH 


in presence of oxygen 


in absence 
of oxygen 


anaerobic respiration 


aa” ^ 


animals plants 
2c0, 
lactic acid ethanal 
CH,CHOHCOOH 2x CH,CHO 
alcoholic 
fermentation 
ethanol 
2X CH,CH,OH 


Fig 11.11. Summary of pathways of anaerobic respiration 


No further ATP is produced by either process and so the 
cnergy yield per glucose molecule respired in this way is 
two ATP. In fact a considerable amount of energy remains 

ipped in ethanol and lactic acid. Hence when later 
compared with aerobic respiration (section 11.3.9) it must 
be regarded as an inefficient process (fig 11.11). The lactic 
acid has to be removed from muscle cells by the blood to 
vrevent fatigue. It is reconverted to glucose and then to 
lvcogen in the liver aerobically, Further details of this 
process are discussed in section 16.4. 


11.3.9 Energy conversion efficiency of 
aerobic and anaerobic respiratory 
processes 


Aerobic respiration 
(HO, + 60, — 6CO, + 6H,O + 38ATP AG = -2880 KJ mol! 


38 x —30.6 


= 40.37% 
—2880 Nai 


Therefore efficiency = 


(where —30.6 kJ represents the free energy liberated on 
hydrolysis of ATP to ADP). 


Anaerobic respiration 
(1) Yeast (alcoholic) fermentation 
C,H,0, + 2C;H,OH + 2CO, + 2ATP AG = -210 kJ mol"! 


2 x -306 . 99 149% 
-210 


(2) Muscle glycolysis (lactic acid fermentation) 


Therefore efficiency — 


CHO, > 2CH,CHOHCOOH + 2ATP AG = -150 kJ mol! 
lactic acid 


2x 30.6 . 40,80% 


Therefore efficiency = —— 150 


Study of the above figures indicates that the efficiency of 
each system is relatively high when compared with petrol 
engines (25-30%) and steam engines (8-125). The 
amount of energy captured as ATP during aerobic 
respiration is 19 times as much as for anaerobic respiration. 
This is because a great deal of energy remains locked within 
lactic acid and ethanol. The energy in ethanol is per- 
manently unavailable to yeast, which clearly indicates that 
alcoholic fermentation is an inefficient energy-producing 
process. However, much of the energy locked in lactic acid 
may be liberated at a later stage if oxygen is made 
available. In the presence of oxygen. lactic acid is 
converted to pyruvic acid in the liver. Pyruvic acid then 
enters Krebs cycle and is fully oxidised to carbon dioxide 
and water, releasing many more ATP molecules in the 
process (section 17.4.8). 


11.4 


Shuttle systems 


Although the sequence of events for aerobic 
respiration shown in this text indicates that 38 ATP are 
produced for each glucose molecule oxidised, it must be 
stated that the total number of ATP molecules produced in 
aerobic respiration can vary according to the tissue 
involved. Two NADH, complexes are produced during 
glycolysis in the cytoplasm. Cytoplasmic NADH, cannot 
pass through the mitochondrial membrane and therefore 
the electrons derived from glycolysis have to enter via 
indirect routes or shuttles. According to which shuttle 
operates, the number of ATP molecules produced from 
cytoplasmic NADH, can be four or six, thus making the 
total either 36 or 38 ATP. The principle of this shuttle is 
illustrated in fig 11.12. X acts asa carrier molecule, carrying 
hydrogen from the cytoplasm into the mitochondrion, It 
can pass through the mitochondrial membranes, whereas 
NADH, cannot. 


NAD — NADH, in heart and liver cells, giving three 
ATP on reoxidation. 
FP — FPH, in muscle and nerve cells, giving two ATP on 
reoxidation. 
Therefore 38 ATP are formed in heart and liver cells, whilst 
36 ATP are formed in muscle and nerve cells. 


The shuttles constantly transfer electrons from the 
cytoplasm to mitochondria and at the same time reoxidise 
cytoplasmic NADH). This effectively prevents a build-up 
of hydrogen atoms in the cytoplasm and explains why no 
lactic acid accumulates during aerobic respiration, 


DENT N — MEOS 

R K NADH, or N 
NADH, RPH, c i 
( Respiratory s | 
chain J 
NAD XH; NAD or / 

p 
CE GLAS SA. 


Fig 11.12 Model of shuttle system (see text for full 
explanation). NAD, nicotinamide adenine dinucleotide; 
FP, flavoprotein 
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Experiment 11.1: To investigate the oxidation of 
a Krebs cycle intermediate 


The most efficient way of releasing energy from a 
substrate and storing this for future use is by a series of 
smaller reactions, each one reversible and enzyme- 
mediated. One of the intermediate reactions involved is the 
oxidation, by removal of hydrogen, of succinic acid to 
fumaric acid. 

There are substances which accept such hydrogen 
atoms and, in doing so, change colour. One example is 2:6 
dichlorophenolindophenol (DCPIP). It is blue in its oxidised 
form but loses its colour when reduced. 

If the coloured form of DCPIP is decolorised by a tissue 
extract, one explanation could be that it has accepted 
hydrogen atoms from succinic acid. If the rate of 
decolorisation increased when succinic acid was added 
this would tend to confirm the hypothesis that DCPIP was a 
hydrogen acceptor of atoms from succinic acid. 

As most living processes are governed by enzymes, 
these must be present before the oxidation will occur. The 
enzyme succinic dehydrogenase reduces succinic acid 
and further experiments could reveal the presence of the 
enzyme. In this experiment mitochondria are isolated from 
germinating mung bean seedlings and a suspension of 
these used as a source of enzyme. It is essential to carry 
out the extraction as quickly as possible. Once cells are 
disrupted, further metabolism is short-lived. 

The experiment is divided into two parts. The first part 
consists of the extraction of the enzyme required and the 
second uses the extracted enzyme to oxidise succinic 
acid. DCPIP is used to indicate that a reaction has or has 
not occurred. 

Ideally all the apparatus concerned with the first part of 
this experiment (the preparation of the enzyme extract) 
should be placed in a refrigerator for at least one hour 
before it is required for the experiment. 


Materials 


4 centrifuge tubes (capacity 15 cm?) 

2 glass rods 

2x10 cm? graduated pipettes 

2x1000 cm? beakers (polythene preferably) 
ice 

salt 

mung beans 

test-tubes and rack 

1x1 cm? graduated pipette 

stopclock 


Solutions (see notes) 

buffer/sucrose solution 

buffer/sucrose + succinic acid solution 

0.1% DCPIP (solution made up in buffer/sucrose 
solution) 

distilled water 


Method 

(1) Germinate some mung beans by placing the dry 
beans on damp cotton wool in the dark for 3-4 days 
(24 beans are needed for the whole experiment per 
student or group). 

(2) Prepare an ice bath by placing ice in a 1000 cm? 
polythene beaker and adding a little salt to lower the 
temperature further. 

(3) Place the flask containing buffer/sucrose solution and 
two centrifuge tubes in the ice bucket. 

(4) Take 12 mung beans and remove their testas and 
radicles. 

(5) Place six beans in each centrifuge tube. 

(6) Add 1 cm? of buffer/sucrose solution which does not 
contain succinic acid to each tube. 

(7) Crush the beans thoroughly using a cold glas d, 
keeping the tubes in the ice bucket. 


(8) Add a further 10 cm? of buffer/sucrose solution 10 
each centrifuge tube. 

(9) Place the centrifuge tubes on opposite sides o! the 
centrifuge head and spin the tubes at maximum 


speed for 3 min. 

(10) Place the centrifuge tubes back in the ice buc 

(11) Pipette 15 cm? of distilled water into a test-tube and 
mark the position of the meniscus. 

(12) Pour off the distilled water and carefully fill the tube to 
the mark with supernatant from the centrifuge tubes 

(13) The next step must be carried out very quickly d 
0.5 cm? of DCPIP solution to the reaction tube «nd 
mix the contents by placing a thumb over the en4 of 
the tube and inverting the tube. 

(14) Start the stopclock as the solutions are mixing 

(15) Note the colour of the solution after 20 min 

(16) Repeat the entire experiment using the bufer 
sucrose solution containing succinic acid. 


The experiment can be monitored colorimetrically. This is 

done as follows. 

(1) Using a red filter, switch on the colorimeter and allow it 
to warm up for 5 min. 

(2) Add 0.5 cm? of DCPIP solution to 15 cm? of super- 
natant as before. 

(3) Mix the solutions and start the stopclock. 

(4) Place the tube in the colorimeter and adjust the needle 
to 0% transmission. 

(5) Take readings after 1, 2, 5, 10 and 20 min. 

(6) Repeatthe experiment using buffer/sucrose containing 
succinic acid. 

(7) Plot a graph of percentage transmission (vertical axis) 
against time. 

(8) Draw your own conclusions from the results that you 
obtain. 


Notes on how to make solutions 
Buffer/sucrose solution (100 cm) 


disodium hydrogen phosphate (Na;HPO,) 0.76 g 
potassium dihydrogen phosphate (KH,PO,) 0.18g 
sucrose 13.60 g 
magnesium sulphate 0.10g 
Guffer/sucrose +succinic acid (100 cm?) 

As for buffer/sucrose, plus 

succinic acid 1.36 g 
sodium hydrogencarbonate 1.68g 


the best method for making up these solutions is to make 
o enough buffer/sucrose solution for both halves of the 
iment (solutions are made up in distilled water). 
«de the solution into two and add succinic acid and 
idium hydrogencarbonate (in the correct concentration) 
ine half. 
There will be effervescence when succinic acid and 
"um hydrogencarbonate are added to the buffer/ 
ose solution. The solution should be shaken wellto get 
^d of as much carbon dioxide as possible as this could 
ct the experiment. 


DGPIP solution 
0.1g of dichlorophenolindophenol in 10cm? of 
\ier/sucrose solution (without succinic acid for both 
xperiments). The solid does not dissolve very well and so 
thorough mixing the suspension should be filtered. 


Mitochondria 


Mitochondria are present in all eukaryotic 

» and are the major sites of aerobic respiratory activity 
thin cells. They were first seen as granules in muscle cells 
Kolliker in 1850. Later, in 1898, Michaelis demon- 
rated that they played a significant role in respiration by 

"wing experimentally that they produced a colour in 
redox dyes. 

Ihe number of mitochondria per cell varies considerably 
and depends on the type of organism and nature of the cell. 
Cells with high energy requirements possess large numbers 
of mitochondria (for example, liver cells contain upwards 
of 1 000 mitochondria) whilst less active cells possess far 
fewer. Mitochondrial shape and size are also tremendously 
variable. They may be spiral, spherical, elongate, cup- 
shaped and even branched, and are usually larger in active 
cells than in less active ones. Their length ranges from 
1.5-10 um, and width 0.25-1.00 um, but their diameter 
does not exceed 1 um. 


11.6 Why should the diameter of 
mitochondria remain fairly constant when the length 
is so variable? i 


(b) 


Mitochondria are able to change shape, and some are 
able to move to areas in the cell where a lot of activity is 
taking place. This is facilitated by cytoplasmic streaming 
and provides the cell with a large concentration of 
mitochondria in areas where ATP need is greater. Other 
mitochondria assume a more fixed position (as in insect 
flight muscle, fig 11.13). 


mitochondrion 


myofibril 


Fig 11.13 


(a) Transmission electron micrograph, and 
(b) scanning electron micrograph of the flight muscle 
from the house fly Musca to show that each myofibril is 
surrounded by polymorphic mitochondria. 
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11.5.1 ‘Structure of mitochondria 


Mitochondria can be extracted from cells in 
pure fractions by cell homogenisation and ultracentrifuga- 
tion techniques. Once isolated they may be examined with 
an electron microscope using various techniques such as 
sectioning or negative staining. Each mitochondrion is 
bounded by two membranes (an envelope), the outer one 
being separated from the inner by a space some 6-10 nm 
wide. A semi-rigid matrix is enclosed by the inner 
membrane which itself is folded inwards into a number of 
shelf-like cristae (fig 11.14). Techniques using ultrasonic 
vibration and detergent action can be used to separate the 


(a) (b) 


outer inner crista matrix stalked 


membrane membrane 
particle 


elementary 


two membranes, making it easier to study their individual 
structure and activity. Even so, knowledge of the outer 
membrane is still scarce. It is said to be permeable to 
substances with molecular weights below 21 000, and that 
such molecules are able to diffuse across it. The cristae of 
the inner membrane effectively increase its surface area, 
serving to provide abundant space for multi-enzyme 
systems, and greater access to enzymes present in the 
matrix. The inner membrane exhibits selectivity over what 
materials are allowed through it, and it is known that active 
transport mechanisms involving translocase enzymes are 
responsible for the movement of ADP and ATP across it. 


(9 


head piece or 
inner membrane 
sphere (IMS) 

= ATPase 


stalk 
S other coupling 
— factors 


components of the 
respiratory chain 


matrix 


Fig 11.14 Structure of mitochondrion: (a) Diagram of 
mitochondrion. (b) Diagram of crista showing inner membrane 
particles. (c) Structure of inner membrane particle. (d) Low 
power electron micrograph of mitochondrion. 


(e) Transmission electron micrograph of inner membrane 
particles (F, rFo ATPase) from osmotically disrupted 
mitochondria of the house-fly (Musca) 
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Negative staining techniques which stain the space around 
‘ructures rather than the structures themselves (fig 
14b) indicate the presence of elementary particles on the 
atrix side of the inner membrane. Each particle consists 
a head piece, stalk and base. Whilst the photograph (fig 
ide) suggests that the particles stick out from the 
membrane into the matrix, it is generally recognised that 
this is an artefact produced by the method of preparation, 
and that probably the particles are tucked into the 
membrane. The head piece is associated with ATP 
synthesis and is a coupling enzyme, ATPase (formerly 
termed F\), which acts to link the phosphorylation of ADP 
to the respiratory chain. At the base of the particle, and 
extending through the inner membrane, are the compo- 
nents of the respiratory chain itself. They are arranged in 
precise positions relative to each other. The mitochondrial 
matrix contains most of the enzymes controlling the Krebs 
cycle and fatty acid oxidation. In addition, mitochondrial 
DNA, RNA and ribosomes are present as well as a variety 
of small proteins (section 7.2.12). 


11.7 What chemical substances would 
be exchanged between the cytoplasm and the 
mitochondria? Indicate whether they are entering or 
leaving the mitochondria. 


11.5.2 Mitochondrial assembly 


Whilst mitochondrial DNA carries enough 
information for the synthesis of about 30 proteins, this is 
not enough for it to be able to build all the proteins that are 
required to make a new mitochondrion. Therefore repro- 
duction of a mitochondrion must rely to some extent on 
nuclear DNA, cytoplasmic enzymes and other molecules 
supplied by cells. Fig 11.15 summarises current informa- 
tion concerning the interaction between the mitochondrion 
and the rest of the cell during mitochondrial assembly. 


mitochondrial 
~~) ribosomes 


a 


Fig 11.15 Control of mitochondrial assembly (From Tribe & 
Whittaker, Chloroplasts and mitochondria, Series in Biology, No. 
31, Arnold.) 


11.5.3 Evolution of mitochondria — the 


endosymbiont theory 


It is suggested that mitochondria were origi- 
nally independent prokaryotic, bacteria-like organisms 
which gained access, by accident, to a host cell and entered 
into a successful symbiotic union with it. Presumably 
conditions in the host cell were favourable for the 
prokaryote, whilst in return the prokaryote provided a 
greatly increased capacity to manufacture ATP, and 
conferred upon the host an ability to respire aerobically. A 
number of observations support this theory. First, 
mitochondrial DNA is generally circular (fig 11.16). This is 
very much like that found in present-day bacteria. 
Secondly, mitochondrial ribosomes are smaller than those 
of the cytoplasm but equivalent in size to bacterial 
ribosomes. Thirdly, movement of mitochondria is similar 
to that displayed by some bacteria, and finally mitochond- 
rial and bacterial protein synthesis mechanisms are 
sensitive to different antibiotics when compared with the 
cytoplasmic mechanism, for example chloramphenicol and 
streptomycin inhibit mitochondrial and bacterial protein 
synthesis, whereas cycloheximide inhibits cytoplasmic 
protein synthesis (section 9.3.1 for endosymbiotic theory 
and chloroplasts). 


11.5.4 ATP synthesis 


This has been the subject of intensive research 
for over 30 years. However, a definitive answer about the 
mechanisms involved has yet to be reached. Currently two 
major hypotheses are being actively considered. They are 
the chemical coupling hypothesis, and the chemiosmotic 
hypothesis. 
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Fig 11.16 Electron micrograph of mitochondrial DNA from 
the brewer's yeast Saccharomyces carlsbergensis. The 
molecule is a 'supercoiled' circle of double-strand DNA with a 
circumference of 26 micrometres. It is made up of some 

75 000 nucleotides 


Fig 11.17 Chemical coupling hypothesis. X is an as yet 
unidentified intermediate. Only one intermediate is shown in 
the diagram but there may be more 


FAD 


NADH Casino respiratory chain 


The chemical coupling hypothesis 


This suggests that ATP production is coupled to electron 
transfer by one or a number of ‘high-energy’ intermediate 
compounds. Energy, released by electron transfer during 
the redox reactions of the respiratory chain, is transferred 
at several points to the high-energy bond of an intermedi- 
ate compound. The energy is then in turn passed into a 
high-energy bond of ATP during phosphorylation of ADP 
(fig 11.17). No such high-energy intermediates have been 
identified, and until evidence of their existence is found, 
the validity of the hypothesis must remain in doubt. 


Chemiosmotic hypothesis 
A hypothesis which gains greater support was put forward 
by Mitchell in 1961, who argued that ATP synthesis was 
intricately associated with the ways in which electrons and 
protons are passed along the respiratory chain. Certain 
conditions are necessary for the hypothesis to work. They 
are summarised as follows. 


(1) The inner mitochondrial membrane must be intact and 
impermeable to protons (hydrogen ions) moving from 
the outside to the inside, 

(2) Respiratory chain activity results in hydrogen ions 
being drawn into the electron transport chain from the 
internal matrix and then removed to the outside of the 
membrane, 
Movement of the protons to the outside of the 
mitochondrion causes an accumulation of hydrogen 
ions and creates a pH gradient across the mitochondrial 
membrane. It is thought that this occurs because the 
enzymes involved in uptake and loss of hydrogen ions 
are located in the membrane in such a position as to 
allow only uptake from the inside and loss to the 
outside. 
Normally a pH gradient could not be maintained, as 
hydrogen ions would pass back into the mitochondrion 
by diffusion. Therefore the maintenance of this 
gradient is energy-requiring. The energy obtained from 
the transfer of electrons down the electron (respira- 
tory) transport chain is thought to provide the energy 
needed. 

(5) Mitchell suggests this energy is then used to produce 
ATP and that the pH gradient promotes ATP produc- 
tion. 

(6) The equation for ATP production is as follows: 


ADP + P, = ATP + H,O 


By the law of mass action, if water is removed the 
reaction should go faster from left to right, that is ATP 
production will be favoured. According to Mitchell's 
theory, the enzyme associated with the formation of water 
in ATP production is orientated in the membrane in such a 
way that the hydrogen ions formed enter the inside of the 
membrane where the pH value is relatively high (a low 
concentration of hydrogen ions) and hydroxyl (OH-) ions 
leave to the outside of the membrane where the pH value is 
relatively low (a high concentration of hydrogen ions). 
Thus water formed in ATP production is removed quickly 
promoting ATP production, 

Mitchell's hypothesis explains why the membrane must 
be intact (because the enzymes required in the passage of 
hydrogen ions and water formation are located in the 
membrane and so alteration. of the structure of the 
membrane would also alter the enzyme positions and 
structure). It also explains why the membrane needs to be 
impermeable to hydrogen ions (from outside to inside), 
because if the membrane was completely permeable à pH 
gradient would not form, and a pH gradient is vital to this 
theory. Also in this hypothesis there is no intermediate. 


Other respiratory pathways 

Pentose phosphate shunt (hexose 
monophosphate shunt) 

This particular pathway requires oxygen and is a major 
source of 5C sugars which are components of important 


11.5.5 


nucleotides (ATP, NAD, FAD) and nucleic acids. The 
shunt may Operate simultancously alongside the normal 
glycolytic pathway and in different cells can contribute 
between 10 and 90% of energy supplied by carbohydrate 
respiration, 

In essence, six molecules of glucose-6-phosphate are 
initially dehydrogenated and then decarboxylated. NADP 
acts as the hydrogen acceptor molecule. Six molecules of 
ribulose-S-phosphate (SC sugar phosphate) are the result 
of these processes, and six carbon dioxide molecules are 
formed as by-products, The ribulose-5-phosphate mole- 
cules then undergo an intricate series of reactions which 
finally result in the resynthesis of five molecules of 
glucose-6-phosphate. Glyceraldehyde-3-phosphate is also 
formed and may be redirected into the glycolytic pathway, 
converted into pyruvic acid and finally passed into the 
Krebs cycle. The net result of the shunt is a yield of 36 ATP, 
This compares favourably with the 38 ATP formed by the 
glycolytic and Krebs pathway. Fewer reactions are in- 
volved in the shunt and consequently fewer enzymes 
required. The overall reaction is: 


6 X glucose-6-P  I2NADP* + 6H,O 
5 x glucose-6-P + 1I2(NADPH + H*) + 6CO, + P 


—— > 
NADP+ + 12H;0 


The shunt also functions to generate NADPH, which 
serves as a hydrogen and electron donor (a reducing agent) 
in the synthesis of a number of biochemicals, For instance, 
in adipose tissue the shunt operates to generate large 
amounts of NADPH, which are in turn consumed in the 
reduction of acetyl CoA to fatty acids during lipid 
synthesis. 


Glyoxylate cycle 

This occurs in seeds that possess tissues rich in fat, and 
enables stored fat to be converted into carbohydrate. The 
enzymes responsible for the cycle are mostly contained in 
organelles called glyoxysomes (a type of peroxisome 
because they contain catalase), which are active when 
seeds are germinating, although the cycle does occur in 
other organelles, However, once all the fat reserves have 
been consumed, the cycle ceases to operate, 

During germination fats are hydrolysed to fatty acids and 
glycerol, Subsequently fatty acids are broken down by the 
process of (oxidation (section 11.5.6) producing substan- 
tial amounts of acetyl CoA. Acetyl CoA enters the Krebs 
cycle as usual, but the glyoxylate cycle is added to the 
reactions of the Krebs cycle. For each turn of the glyoxylate 
cycle the overall reaction shown below occurs 


2 acetyl CoA ——= succinic acid + 2H + 2CoA 
2 x 2C AC 


The pair of hydrogen atoms released passes to oxygen in 
the respiratory chain causing production of ATP. Succinic 


335 


ADP 


CH,OH ATP CH,OH cH.0-(P) CHO 
k l 4 N i 
CHOH CHOH L | —— CHOH 
phosphorylation 
ducas “H,0-(P) NAD Id CH,O(?P ) 
glycerol glycerol-3- dihydroxyacetone glyceraldehyde-3 
phosphate phosphate phosphate 
NADH, 


respiratory 
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Fig 11.18 Conversion of glycerol into glyceraldehyde-3-phosphate 


acid may be used to supply the carbon skeleton in the 
manufacture of a range of compounds. Thus the glyoxylate 
cycle uses a 2C compound in the form of acetyl CoA as a 
fuel and provides energy and 4C intermediates for 
biological synthesis. 


11.5.6 Fat as a respiratory substrate 


Some animal tissues such as liver, and seeds 
possessing large deposits of fat, are able to use fat as a 
respiratory substrate without first converting it to carbohy- 
drate. Initially fat is hydrolysed by enzymes called lipases 
into fatty acids and glycerol. 


Glycerol 


Glycerol is first phosphorylated by ATP into glycerol 
phosphate and then dehydrogenated by NAD to the sugar 
dihydroxyacetone phosphate. This is next converted into 


an 


its isomer glyceraldehyde-3-phosphate (fig 11.18) 


be seen the process consumes one ATP, but yields iree 
ATP when hydrogen is transferred to oxygen alons the 
respiratory chain. Glyceraldehyde-3-phosphate is «0se- 
quently incorporated into the glycolysis pathwo, and 
Krebs cycle, liberating a further 17 ATP. Thereio: the 
yield per one molecule of glycerol aerobically resy «1 is 
20 — 1 = 19 ATP. 
Fatty acid 

Each fatty acid molecule is oxidised by a process «Iled 
-oxidation which, in essence, involves 2C fragme <s of 
acetyl coA being split off from the acid so that the lon; «tty 
acid molecule is shortened 2C atoms at a time. Each ¿cetyl 
CoA formed can enter Krebs cycle as usual to be o: «ised 
to carbon dioxide and water (fig 11.21). The process es 
place in the matrix of the mitochondrion. A great doal of 


energy is released from each fatty acid molecule thus 


COOH COOH 
CH, le 
| glutamic acid l 
MH +NAD + H,O = H; * NH, +NADH 
| dehydrogenase $ 
HNH, i 
'OOH lii 


glutamic acid 


Fig 11.19 Oxidative deamination of glutamic acid 
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Fig 11.21 Summary of major metabolic pathways in respiration 
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oxidised, for instance 147 ATP per molecule of stearic acid. 
Not surprisingly, therefore, fatty acids are important 
energy sources, contributing, for example, at least half the 
normal energy requirements of heart muscle, resting 
skeletal muscle, liver and kidneys. 


11.5.7 Protein as a respiratory substrate 


Very occasionally, when carbohydrate and fat 
reserves have been exhausted, proteins are utilised as 
respiratory material. They are first hydrolysed into their 
constituent amino acids and then deaminated (their amino 
groups are removed). This may occur in two ways, 
oxidative deamination or transamination. 


Oxidative deamination 


This takes place in vertebrate liver cells. An ammonia 
molecule is removed from the amino acid by dehydrogena- 
tion and hydrolysis. Later it is excreted as ammonia, uric 
acid or urea depending on the animal concerned (section 
18.5). The deaminated amino acid is an a-keto acid. 
According to the nature of its R group, it may be respired 
like a carbohydrate (glucogenic) or via the fatty acid 
pathway (ketogenic) (fig 11.19). 


Transamination 

This occurs in all cells and is controlled by transaminase 
enzymes. It is the transfer of an amino group from an 
amino acid to a keto acid. In this way one amino acid can be 
converted into another. The process also produces a-keto 
acids which are able to enter the normal respiratory 
pathways. Some examples are shown in fig 11.20. A 
summary of the major metabolic pathways in respiration is 
shown in fig 11.21. 


11.6 


Gaseous exchange 


Whether aerobic or anaerobic respiration is 
occurring, the constant passage of gases between organ- 
isms and their environments has to be maintained. Aerobes 
require oxygen for oxidation of foodstuffs and energy 
release, whilst aerobes and most anaerobes must expel 
carbon dioxide, a waste product of respiration. Exchange 
of carbon dioxide and oxygen between environment and 
organism is termed gaseous exchange, and the area where 
gaseous exchange actually takes place is called the 
respiratory surface. Gaseous exchange takes place in all 
organisms by the physical process of diffusion. In order for 
this to occur effectively the respiratory surface must satisfy 
the following criteria: 
it must be permeable; so that gases can pass through; 
it must be thin, because diffusion is only efficient over 
distances of 1 mm or less; 
it must be moist, since diffusion of oxygen and carbon 
dioxide occurs with the gases in solution; 
it should possess a large surface area so that sufficient 
amounts of gases are able to be exchanged according to the 
organism's need. 
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Organisms acquire their oxygen either direct from the 
atmosphere or from oxygen dissolved in water. There are 
marked differences in the oxygen content of air and water. 
A unit volume of air contains far more oxygen in it than an 
equal volume of water. Therefore it follows that an aquatic 
organism such as a fish must pass a correspondingly much 
greater volume of water over its gaseous exchange surface 
than a terrestrial vertebrate passes air in order to obtain 
sufficient oxygen for its metabolic needs. 


11.6.1 Protozoa 


Amoeba proteus measures less than 1 mm in 
diameter and possesses a large surface area to volume 
ratio. Diffusion of gases occurs over the whole surface of 
the animal via the cell membrane, and is enough to satisfy 
its metabolic needs. 


11.6.2 Coelenterata 


In the multicellular, diploblastic /7ydra and 
Obelia, all cells are in contact with the surrounding aquatic 
medium, and each is able to exchange gases sufficient for its 
own needs through the cell membrane adjacent to the 
surrounding water. 


11.6.3 Platyhelminthes 


A free-living platyhelminth, such as Planaria, 
acquires the oxygen it needs by means of diffusion over its 
body surface. This is facilitated by the worm’s extremely 
flattened body (no more than 0.06 cm thick) which 
increases the surface area to volume ratio, and by the fact 
that it generally lives in well-aerated streams or ponds. 

Many platyhelminths such as the tapeworm Taenia are 
internal parasites, surviving in regions where there is little 
available oxygen. In this case they operate as anaerobes. 
Their size or shape is not limited by any need for oxygen 
diffusion, although they still retain a large surface area to 
volume ratio. 


11.8 What other advantage does a large 
surface area to volume ratio confer on the platyhel- 
minths? 


11.6.4 The need for special respiratory 
structures and pigments 


As animals increase in size, so their surface 
area to volume ratio decreases, rendering simple diffusion 
over the body surface inadequate to supply oxygen to cells 
of the organism not in direct contact with the surrounding 
medium. Also the increased metabolic activity of many of 
these larger animals increases their rate of oxygen 
consumption. 

In order to cope with the increased demand, certain 
regions of the body have developed into specialised 
respiratory surfaces. Different organisms possess different 
types of gaseous exchange surface. Each is designed to 
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Fig 11.22 Types of respiratory surface 


work efficiently in a specific environment. They can be 
classified as shown in fig 11.22. Generally their surface area 
is greatly increased and often associated with a transport 
system, such as a blood vascular system. The possession of 
a transport system puts the respiratory surface in contact 
with all other tissues of the organism and enables oxygen 
and carbon dioxide to be continuously exchanged between 
the respiratory surface and cells. The presence of a 
respiratory pigment in the blood further increases the 
efficiency of the blood’s oxygen-carrying capacity. In 
addition there may be special ventilation movements which 
assist in ensuring a rapid exchange of gases between the 
animal and the surrounding environment by maintaining 
steep diffusion gradients. 


Respiratory pigments 


Blood that contains any form of respiratory pigment is a 
more efficient oxygen carrier than blood without one. This 
is because the pigment permits far greater amounts of 
oxygen to be taken up and transported. The pigment may 
be in the blood plasma or enclosed in specific cells, It is 
interesting to note that the relative molecular masses of 
pigments confined to cells are relatively low when 
compared with those of pigments in plasma. In fact, the 
plasma-based pigments are aggregates of many small 
molecules behaving as one large molecule. This arrange- 
ment permits an increase in the amount of pigment in the 
blood without increasing the number of dissolved mole- 
cules in solution. 


11.9 Why is this important? 
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Table 11.3 Table of common respiratory pigments. 


Pigment Metal Colour Animal groups Location in blood cm of O, carried per 
*0,--0, 100 ml of blood 
Haemocyanin copper blue = colourless some snails plasma 2 
crustacea plasma 3 
cephalopods plasma 8 
Haemerythrin iron red = colourless some annelids always in cells 2 
Chlorocruorin iron red = green some annelids plasma 9 
Haemoglobin iron orange = purple some molluscs plasma 2 
red red some annelids plasma or cells 7 
fishes cells 9 
amphibia cells 11 
reptiles cells 10 
birds cells 18 
mammals cells 25 


NB Compare the above figures with the fact that the amount of physically dissolved oxygen is 0.2 cm? of O, per 100 ml of blood. 


11.10 Whatis the advantage of confining 
the pigment to cells? 


All known respiratory pigments are linked to 
protein molecules. They are able to bind reversibly to 
oxygen. At high oxygen concentrations, the pigment unites 
easily with oxygen, whereas at low oxygen concentrations 
the oxygen is quickly released. A more detailed account of 
the transport of oxygen by haemoglobin can be found in 
chapter 14. The common respiratory pigments of animals 
are shown in table 11.3. 


11.6.5 Annelida 


There are no organ systems especially de- 
signed for gaseous exchange, and consequently respiratory 
exchange takes place by diffusion over the whole body 
surface. Any such systems would appear to be unnecessary, 
as the general cylindrical shape of the worms maintains a 
high surface area to volume ratio, and their relative 
inactivity necessitates only a small oxygen consumption 
rate per unit body mass. 

The worms do possess a blood vascular system which 
contains the respiratory pigment haemoglobin in solution. 
Contractile pumping activity by the blood vessels facilitates 
the passage of blood and dissolved gases round the body 
and maintains steep diffusion gradients. 

Terrestrial oligochaetes (such as Lumbricus) keep their 
thin cuticles moist by glandular secretions from the 
epidermis and fluid exuded from the dorsal pores. Looped 
blood capillaries are present in the epidermis immediately 
below the cuticle. The distance between body surface and 
blood vessels is small enough to enable rapid diffusion of 
oxygen into the blood. Earthworms have little protection 
against desiccation and consequently their behavioural 
responses are designed to confine them to moist conditions. 

Aquatic polychaetes (such as Nereis sp.) possess pairs of 
segmental parapodia along the lengths of their bodies (fig 
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4.26). They are mobile extensions of the body wall which 
are heavily vascularised, and serve to increase the 
respiratory surface of the animal. Once again, the blood in 
the parapodia is close enough to the body surface for rapid 
diffusion of gases to occur. 


11.6.6 Arthropoda 


A basic form of the arthropodan gaseous 
exchange system can be seen in the insects. Here gaseous 
exchange occurs via a system of pipes called the tracheal 
system. This allows gaseous oxygen to diffuse from the 
outside air directly to the tissues without the need for 
transportation by blood. This is much faster than diffusion 
of dissolved oxygen through the tissues and permits high 
metabolic rates. 


Pairs of holes called spiracles, found on the second and 
third thoracic, and first eight abdominal, segments lead 
into air-filled cavities. Extending from these are branched 
tubes called tracheae (fig 11.23). Each trachea is bounded 
by squamous epithelium which secretes a thin layer of 
chitinous material over itself. This is usually further 
strengthened by spiral or annular patterns of thickening 
which function to maintain an open pipeline even when the 
lumen of the trachea is subjected to reduced pressure 
(compare the cartilage hoops in trachea and bronchi of 
Man). In each segment the tracheae branch into numerous 
smaller tubes called tracheoles which ramify among the 
insect tissues, and in the more active ones, such as flight 
muscle, end blindly within cells. Tracheoles lack a 
chitinous lining; moreover the degree of branching may be 
adjusted according to the metabolic needs of individual 
tissues. 

At rest the tracheoles are filled with watery fluid (fig 
11.24) and diffusion of oxygen through them, and carbon 
dioxide in the reverse direction, satisfies the insect's 
requirements. However, during exercise, increased meta- 
bolic activity by the muscles leads to accumulation of 
metabolites, especially lactic acid, so increasing the tissues" 
osmotic pressure. When this occurs the fluid in the 
tracheoles is drawn osmotically into the tissues, causing 
more air and therefore more oxygen to enter the tracheoles 
and come into close contact with the tissues just at the time 
when it is required. 

The overall flow of air in and out of the insect is regulated 
by a spiracular closing mechanism. Each spiracular 
opening is controlled by a system of valves operated by tiny 
muscles. It also has hairs around its edges which prevent 
foreign bodies entering and undue loss of water vapour. 
The size of the aperture is adjusted according to the level of 
carbon dioxide in the body. 
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Increased activity leads to increased carbon dioxide 
production. This is detected by chemoreceptors and the 
spiracles are opened accordingly. Ventilation movements 
by the body may also be initiated by the same stimulus, 
notably in larger insects. Dorso-ventral muscles contract 
and flatten the insect body, decreasing the volume of the 
tracheal system, thus forcing air out (expiration). Inspira- 
tion (intake of air) is achieved passively, when the elastic 
nature of the body segments returns them to their original 
shape. 

There is evidence to suggest that the thoracic and 
abdominal spiracles open and close alternately, and that 
this, in conjunction with ventilation movements, provides a 
unidirectional flow of air through the animal, with air 
entering in through the thorax and out via the abdomen. 

However, even though the tracheal system is a highly 
effective means of gaseous exchange it must be realised 
that it relies solely on diffusion of gaseous oxygen through 
the body. Since this can only occur efficiently across small 
distances, it imposes severe limitations on the size that 
insects can attain. Diffusion is only effective over distances 
of up to 1 em; therefore, even though some insects may be 
up to 16 em in length, they cannot be more than 2 cm 
broad! 


11.6.7 Pisces 


A cartilaginous fish (for example, the 

dogfish) 
Situated on either side of the pharynx of the dogfish are five 
pairs of gill pouches, each of which contains a gill. Typically 
each gill is supported by a vertical rod of cartilage called the 
branchial arch. The septum overlying the arch is extended 
into a series of horizontal folds called lamellae. Each 
lamella in turn possesses further vertical folds on its upper 
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Fig 11.24 Conditions in resting and active insect tissues — the functioning of tracheoles 
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and lower surface; these are termed secondary lamellae or 
gill plates (fig 11.25). The free edge of each gill septum is 
considerably elongated and forms an effective flap valve. It 
is used to close periodically the gill slit immediately 
posterior to it during ventilation activity. The spaces 
between the flap valves and gill lamellae represent the 
parabranchial cavities. 

Deoxygenated blood from the ventral aorta is passed 
into each gill via an afferent branchial artery. In the gill 
plate region the artery branches repeatedly into many fine 
capillaries. It is here that gas exchange takes place. The 
capillaries finally reunite into efferent branchial arteries 
and leave the gill at its base. 

Ventilation movements, taking the form of a buccal 
pressure pump operating in front of the gills and a suction 
pump behind them, serve to draw an almost continuous 
stream of water across the gills. Water enters the fish 
through the mouth and spiracles when the floor of the 
buccal cavity and pharynx is lowered. This is because the 
increased volume of the pharyngeal region reduces its 
pressure and consequently water rushes in (fig 11.26a). At 
the same time, the reduced pressure developed in the 
pharynx pulls the flap valves of the gills securely over the 
gill slits so preventing entry of water from this quarter. 
Whilst this is happening the suction pump mechanism is 
also working. Lateral movement of the flap valves causes 
the parabranchial cavities to expand and develop a lower 
hydrostatic pressure than that in the pharynx. Hence 
because of this differential pressure gradient, water not 
only moves into the pharynx but also simultaneously moves 
between the gill filaments, creating an almost continuous 
flow through the fish. 

When the pharyngeal cavity is full of water, the mouth 
and spiracles close, the flap valves open, and the floor of 
the buccal cavity and pharynx is raised. This action forces 
water through the gill pouches over the respiratory 
epithelium of the lamellae and finally out of the fish 
through the gill slits (fig 11.26b). Whilst the water is being 
passed through the pharyngeal region, an oesophageal 
sphincter muscle contracts, closing the oesophagus, thus 
preventing water from passing into the alimentary canal. 
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Fig 11.25 Water flow over the lamellae in the dogfish 


Even though oxygen is absorbed by haemoglobin found in 
red blood cells, less than 50% of it is actually extracted by 
the dogfish, whereas 80% is absorbed by bony fish. This is 
because dogfish have relatively small gill surfaces when 
compared with bony fish and also because much of the 
water that flows over the gills travels in a direction parallel 
to the blood flow. 


Bony fish 


A bony fish possesses four branchial arches on either side of 
the pharynx separating five pairs of gill clefts (or gill slits). 
Each gill on the arches is composed of two rows of fragile 
gill lamellae arranged in the shape of a V (fig 11.27). The 
lamellae possess gill plates of a design similar to those 
found in the dogfish, and have a rich supply of blood 
capillaries. A movable gill cover, the operculum, which is 
reinforced with thin layers of bone, encloses and protects 
the gills in an opercular cavity. It also plays a part in the 
fish’s ventilation mechanism. 

During inspiration the buccal cavity expands, and this 
decreases the pressure within, causing water to be drawn 
in. Simultaneously the outside water pressure presses the 
valve at the posterior end of the operculum shut preventing 
entry of water from this region. However, also active at this 
time are opercular muscles which contract causing the 
opercular cavity to be enlarged. The pressure in the 
opercular cavity is less than that in the buccal cavity and 
hence water is drawn from the buccal cavity over the gills 
into the opercular cavity. Therefore gaseous exchange is 
able to continue even when the fish is engaged in taking in à 
fresh volume of water. 

When expiration takes place the mouth closes, as does 
the oesophageal entrance, and the floor of the buccal cavity 
is raised. This forces water over the gills, through the gill 
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Fig 11.27 (below) Gill lamella of a bony fish 
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slits and ultimately to the outside via the now open 
posterior end of the operculum. The coordinated activity of 
the buccal cavity and the opercular muscles ensures that à 
continuous flow of water passes over the gills for the 
majority of the time. 

The lamellae of adjacent gills overlap at their tips. They, 
together with the gill plates, form a sieve-like device. It 
provides resistance to water flow, slowing down the pass- 
age of water over the gill plates, thus increasing the time 
available for gaseous exchange to take place. The blood in 
the lamellae flows in the opposite direction to that of the 
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water, Such a countercurrent system ensures that blood 
will constantly meet water with a relatively higher 
concentration. of dissolved oxygen in it, and that a 
concentration gradient will be maintained between blood 
and water throughout the entire length of the lamella. In 
this way bony fish are able to extract 80% of the oxygen in 
water. 


11.6.8 Amphibia 


A frog is able to exchange gases in three 
different ways: through its skin by cutaneous respiration, 
via the epithelium of the buccal cavity in buccal respiration, 
and in a lung in pulmonary respiration. 


Cutaneous respiration The skin of the frog is 
richly supplied with blood capillaries and maintained in a 
moist condition by secretions of mucus from mucus glands. 
Thus atmospheric oxygen is able to dissolve in the mucus 
and subsequently diffuse into the blood, This is called 
cutaneous respiration. Oxygen uptake through the skin is 
almost constant throughout the year, due to the constant 
oxygen concentration in the atmosphere maintaining à 
constant diffusion gradient. In winter it supplies almost all 
the oxygen required by the animal, whereas in the spring 
when the frogs are most active it may represent only a 
quarter of the frog's needs. The extra oxygen required is 
taken in via the buccal cavity and lungs. 


Buccal respiration Visible bucco-pharyngeal 
movements of the throat maintain a constant exchange of 
gases between the buccal cavity and the atmosphere. This is 
called buccal respiration. For inhalation to occur the mouth 
and glottis must be closed, the nostrils open, and the floor 
of the buccal cavity lowered, this being achieved by 
contraction of sternohyoid muscles attached to the hyoid 
cartilage (fig 11.282). The buccal cavity is lined with moist. 
heavily vascularised epithelium, and it is here that gascous 
exchange occurs. Exhalation follows when petrohyoid 
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air breathing channels. This is achieved by a triangular flap 
of cartilaginous tissue, the epiglottis. 

The larynx consists of a collection of nine cartilages 
forming a box-like structure at the entrance of the trachea. 
Muscles attached to the cartilages move them relative to 
each other. Within the box are two sets of horizontally 
aligned fibro-elastic ligaments, the vocal cords. When air 
is expelled over the vocal cords and through the glottis, 
sound waves are formed. By varying the tension of the 
cords, the pitch of the sound can be changed. 

Air from the larynx enters the trachea. This is a tube 
which lies directly in front of the oesophagus and extends 
into the thoracic cavity. The wall of the tube is strength- 
ened and held open by horizontally arranged C-shaped 
cartilages. The open section of the C is applied against the 
oesophagus. The cartilage prevents collapse of the tube 
during inspiration (fig 11.30). Lining the trachea is a carpet 
of pseudostratified, ciliated columnar epithelium. Mucus 
from goblet cells interspersed in the epithelium traps dust 
and germs, and the rhythmic beating of the cilia in a 
direction towards the back of the buccal cavity removes 
unwanted materials from the trachea. 

At its lower end the trachea splits into two bronchi. The 
right bronchus further divides into three bronchi. They 
extend separately into the three lobes of the right lung. The 
left bronchus divides into two bronchi, and similarly these 
penetrate the two lobes of the left lung (fig 11.31). Within 
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Fig 11.31 Human lung injected to show airways ar 
pulmonary circulation 


Fig 11.30 Human trachea and lungs (From G. M. Hughes 
(1973) The vertebrate lung, Oxford Biology Readers, No. 59.) 


hiole 


which 


the lungs each bronchus subdivides many times into much 
smaller tubes called bronchioles. The C-shaped cartilages 
of the bronchi are initially replaced in the smaller tubes by 
irregularly shaped plates of cartilage, but when the internal 
diameter of the bronchioles is less than 1 mm, cartilaginous 
support ceases altogether. At this point, the thin bron- 
chiole wall consists merely of smooth muscle, connective 
tissue possessing elastic fibres which promotes inflation and 
recoil of the bronchiole, and an inner lining of ciliated 
thelium interspersed by mucus-secreting cells. The 
smallest tubes, called respiratory bronchioles, are about 
0.5 mm in diameter. They, in turn, divide repeatedly into 
many alveolar tubes lined with cuboidal epithelium, which 
terminate in hollow, lobed air sacs called alveoli (figs 11.32 
11.33). Collectively the alveoli form the gaseous ex- 
;e surface of the mammal. 

ere are over 700 million alveoli present in the lungs of 
:»mmal, representing a total surface area of 80-90 m?. 
(ne wall of each alveolus is only 0.0001 mm thick. On its 
ovde is a dense network of blood capillaries, all of which 
! originated from the pulmonary artery and will 
uluinately rejoin to form the pulmonary vein. Lining each 
lus is moist squamous epithelium. Collagen and 
fibres are also present and they provide flexibility for 
iveoli, enabling them to expand and recoil easily 
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lary endothelium, and passes initially into the blood 
plasma. It then combines with haemoglobin in the red 
blood corpuscles to form oxyhaemoglobin. Carbon dioxide 
diffuses in the reverse direction from the blood to the 
alveolar cavity. 

The diameter of the alveolar capillaries is smaller than 
the diameter of the red blood corpuscles passing through 
them. This means that the corpuscles have to be squeezed 
through the capillaries by blood pressure. During this pro- 
cess more of their surface area is exposed to the gaseous 
exchange surface of the alveolus permitting greater uptake 
of oxygen. Progress of the corpuscles is also relatively slow, 
thus increasing the time available for gaseous exchange to 
take place. When blood leaves the alveolus it possesses the 
same partial pressure of oxygen and carbon dioxide as 
alveolar air. 


11:741 Structure of the thorax 


Each lung is surrounded by a pleural cavity. 
This is a space lined by two flexible, transparent pleural 
membranes (pleura). The inner visceral membrane is in 
contact with the lungs, whilst the outer parietal membrane 
lines the walls of the thorax and diaphragm. The pleural 
cavity contains a fluid, secreted by the membranes. This 
lubricates the pleura, thus reducing friction as the 
membranes rub against each other during breathing 
movements. The cavity is air-tight and its pressure stays at 
3-4 mmHg lower than that in the lungs. This is important 
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Fig 11.33 (above) Electron micrograph of a longitudinal 
section through an alveolar capillary in dog lung (From G. M. 
Hughes (1973) The vertebrate lung, Oxford Biology Readers, 
No. 59). 


Fig 11.32 (left) Histology of lung alveolus 
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for it causes the lungs almost to fill the thorax. The negative 
pressure of the pleural cavity is maintained during 
inspiration and this allows the alveoli to inflate and fill any 
extra available space provided by the expanding thorax. 


11.7.2 The mechanism of ventilation 


Air is passed in and out of the lungs by 
movements of the intercostal and diaphragm muscles 
which alter the volume of the thoracic cavity. There are two 
types of intercostal muscle between each rib. The external 
intercostals slant forwards and downwards, whilst the 
internal intercostals slant backwards and downwards 
(11.34). The diaphragm consists of circular and radial 
muscle fibres arranged around the edge of a circular, 
inelastic sheet of white fibres. 

Inspiration is an active process. The external intercostal 
muscles contract and the internal intercostals relax. This 
produces a forward and outward movement of the rib cage 
away from the vertebral column. Simultaneously, the 
diaphragm contracts and flattens. Both actions increase the 
volume of the thorax. Asa result the pressure in the thorax, 
and hence the lungs, is reduced to less than atmospheric 
pressure, so permitting air to rush in and inflate the alveoli, 
until the air pressure in the lungs is equal to that of the 
atmosphere (fig 11.35). 

Expiration is largely a passive process under resting 
conditions and is brought about by the elastic recoil of the 
lung tissue and respiratory muscles. The external intercos- 
tal and diaphragm muscles relax and return to their former 


vertebral column ——____ a 


position after inspiration 


SSS position after expiration 


size and position, whilst the internal intercostals contract, 
This reduces the volume of the thorax and raises its 
pressure above that of the atmosphere. Consequently air is 
forced out of the lungs and expiration completed. Under 
conditions of exercise, forced breathing occurs. When this 
happens additional muscles are brought into action and 
expiration becomes a much more active, energy- 
consuming process. The internal intercostals contract more 
strongly and move the ribs vigorously downwards. The 
abdominal muscles also contract strongly, causing more 
active upward movement of the diaphragm. 


internal intercostal 


rtebral 
column 


muscles rib 


Fig 11.34 Diagrammatic representation of the positio 
intercostal muscles 


f the 


sternum 


rib 
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Fig 11.35 Side view of thorax to show movements during breathing (only one rib shown) 
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11.7.3 Control of ventilation 


Involuntary control of breathing is carried out 
by s breathing centre located in the medulla of the brain (fig 
11.36). The ventral portion of the breathing centre acts to 
increase inspiratory rate and is called the inspiratory 
centre, whilst its dorsal and lateral portions cut off 
inspiratory activity and promote expiration. These regions 
are collectively termed the expiratory centre. The brea- 
thing centre communicates with the diaphragm via phrenic 
and thoracic nerves. The bronchial tubes and alveoli are 
innervated by branches of a cranial nerve, the vagus. 

Ihe main stimulus that controls the breathing rate is the 
concentration of carbon dioxide in the blood. When carbon 
dioxide levels increase, chemoreceptors in the carotid and 
aortic bodies of the blood system are stimulated to 
discharge nerve impulses which pass to the inspiratory 
centre, The inspiratory centre then sends out impulses via 
the phrenic and thoracic nerves to the diaphragm and 
intercostal muscles causing them to increase the rate at 
which they contract. This automatically increases the rate 
at which inspiration takes place. Inspiratory activity 
inflates the alveoli, and stretch receptors located here and 
in the bronchial tree are stimulated to discharge impulses to 
the expiratory centre which automatically cuts off inspira- 
tory activity. The respiratory muscles therefore relax and 
expiration takes place. After this has occurred, the alveoli 
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Fig 11.36 Control of ventilation 


are no longer stretched and the stretch receptors no longer 
stimulated. Therefore the expiratory centre becomes 
inactive and inspiration can begin again. The whole cycle is 
repeated rhythmically throughout the life of the organism, 

Within limits, the rate and depth of breathing are under 
voluntary control, When such control is being exerted, 
impulses originating in the cerebrum pass to the breathing 
centre which then carries out the appropriate action, 
Oxygen concentration also has an effect on the breathing 
rate (section 11.8). However, under normal circumstances 
there is an abundance of oxygen available, and its influence 
is relatively minor. 


11.7.4 Lung volumes and capacities 


The average man has a lung capacity of 
approximately 5 dm! (fig 11.37). During quiet breathing he 
will breathe in and out about 450 cm? of air. This is called 
the tidal volume. If after a normal tidal inspiration he con- 
tinues to inhale, he can take in a further 1 500 cm! of air. 
This is called his inspiratory reserve volume. If after a tidal 
expiration the man continues to exhale he can force out a 
further 1 500 cm? of air. This is termed his expiratory 
reserve volume. The amount of air exchanged after a forced 
inspiration followed immediately by a forced expiration is 
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termed the vital capacity. Even after forced expiration 
1 500 cm? of air remain in the lungs. This cannot be ex- 
pelled and is called residual air. 

During inspiration about 300 cm? of the tidal volume 
reaches the lungs, whilst the remaining 150 cm? remains in 
the respiratory tubes, where gaseous exchange does not 
occur. When expiration follows, this air is expelled from 
the body as unchanged room air and is termed dead space 
air. The air that reaches the lungs mixes with the 1 500 cm? 
of air already present in the alveoli. Its volume is small 
compared to that of the alveolar air and complete renewal 
of air in the lungs is therefore a necessarily slow process. 
The intermittent slow exchange between fresh air and 
alveolar air affects the composition of gases in the alveoli to 
such a small extent that they remain relatively constant at 
13.8% oxygen, 5.5% carbon dioxide and 80.7% nitrogen. 
Comparison of the composition of gases of inspired, 
expired and alveolar air is interesting (table 11.4). It is clear 
that one-fifth of the oxygen inspired has been retained for 
use by the body, and 100 times the amount of carbon 
dioxide expelled. The air that comes into close contact with 
the blood is alveolar air. It contains less oxygen than 
inspired air, but more carbon dioxide. 


Table 11.4 Percentage composition by volume of gases in 
inspired, alveolar and expired air. 


Gas Inspired air Alveolar air — Expiredair 
Oxygen 20.95 13.8 16.4 
Carbon dioxide 0.04 5.5 4.0 
Nitrogen 79.01 80.7 79.6 
11.7.5 Measurement of respiratory activity 


An instrument commonly used in schools, 
laboratories and hospitals for measuring the volume of air 
which enters and leaves the lungs is the spirometer. 
Essentially it consists of an air-filled box with a capacity of 
six or more litres, suspended freely over water. The air in 
the box is connected by a series of pipes to the subject so 
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that the air in the subject's lungs and the air in the box isa 
sealed system. 


The box is counterbalanced so that when gas is passed in 


or out, the box rises or falls accordingly. When the subject 
breathes out, the box is raised; when he breathes in, the 
box is lowered. A pen attached to the box writes on a slowly 
rotating drum (kymograph) recording all the movements of 
the box. 

Detailed instructions for the operation of the spirometer 
are supplied by the manufacturer and will not be dealt with 
here. However, it is important to be able to analyse the 


tracings recorded by the spirometer, and to understand 
what information can be derived from them. 

From spirometer tracings the metabolic rate, respiratory 
quotient, tidal volume, rate of breathing and consumption 
of oxygen can be measured. 

The respiratory rate is calculated as the number of 
breaths taken per minute. Pulmonary ventilation (PV) is 
expressed in terms of the respiratory rate multiplied by the 
tidal volume: 

PV = respiratory rate X tidal volume 
For example, if respiratory rate is 15 breaths per minute 


and tidal volume is 400 cm?, then PV = 15 x 400 cm? 
— 6 000 cm? per minute (that is 6 000 cm? of air will be 
exchanged between subject and outside environment each 
minute). 

Alveolar ventilation (AV) is the volume of air that 
actually reaches the lungs. It is less than that of the 
pulmonary ventilation. 


AV = respiratory rate X (tidal volume — dead space air) 


For example if TV = 400 cm?, dead space air = 150 cm? 
and respiratory rate = 15 breaths per minute, 


then AV = 15 x(400 — 150) cm? 
= 15 x 250 cm? 
= 3 750 cm? per minute (that is 3 750 cm? of air 
will be exchanged between the lungs of the 
subject and outside environment each minute). 


11.12 Why is the volume of alveolar air 
less than that of the pulmonary ventilation? 


Measuring the metabolic rate of an 
organism 


\s respiration is directly involved with most metabolic 
activities within the body, its measurement gives a 
relatively accurate indication of metabolic activity. The 
metabolic rate can be calculated by measuring the rate of 
oxygen consumption. 


11.13 Consider fig 11.38. It can be seen 
inat the smaller the mammal the higher its metabolic 
‘ate. Why is this so? 


11.14 How can you compare the meta- 
bolic rates of mammals of different size? 


11.7.6 


The basal metabolic rate (BMR) 


The BMR of an organism is the minimum rate 
energy conversion required just to stay alive during 
complete rest or sleep. Before the BMR of human subjects 
is measured they undergo a standardised rest period of 
12 18 h physical and mental relaxation. No meal is eaten 
during this time. This ensures that the alimentary canal is 
empty before measurements are taken. The BMR varies 
wilh age, sex, size and state of health of the individual and 


lcarly correlated with body surface area to volume ratio. 


1S 


1146.7 Respiratory quotient (RQ) 


Consider the equation: 


C. H450, + 60; 6CO, + 6H;O + energy 


From this it is quite clear that in a given time the volume of 
carbon dioxide produced during respiration of carbohy- 
drate is equal to the volume of oxygen consumed 
(remember, one mole of any gas occupies the same volume 
under the same conditions of temperature and pressure). 
The ratio of CO,:O, is called the respiratory quotient, and 
for metabolism of carbohydrate its value is 1, 


volume of CO, evolved 

volume of O, absorbed 

(from direct observations) 

Or moles or molecules of CO, evolved 
moles or molecules of O, evolved 
(from equations) 


that is RQ = 


CO; 6 
Therefore, from the above equation, RO = 57 =| = l 
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Fig 11.38 Metabolic rate of animals, calculated per gram 
body mass, plotted on logarithmic coordinates 


Table 11.5 Respiratory quotients of a variety of substrates. 


RQ Substrate 


71.0 Carbohydrate plus some anaerobic respiration 

1.0 Carbohydrates 

0.9 Protein 

0.7 Fat, such as tripalmitin 

0.5 Fat associated with 
carbohydrate synthesis 


The carbon dioxide 

released during respiration 

is being put to other uses 

0.3 Carbohydrate with associated | and therefore not released 
organic acid synthesis from the body 


11.15 The equation for respiration of the 

fat tripalmitin is: 
2C4, H0, + 1450, 
What is the RQ for tripalmitin? 


11.16 What is the RQ when glucose is 
respired anaerobically to ethanol and carbon di- 
oxide? 


102CO, +98H,0 


Analysis of respiratory quotients can yield valuable 
information about the nature of the substrate being used 
for respiration and the type of metabolism that is taking 
place (table 11.5). 


11.17 Why is the usual RQ for Man 
between 0.7 and 1.0? 

11.18 From the spirometer trace given in 
fig 11.39 calculate 
(a) respiratory rate; 
(b) tidal volume; 
(c) pulmonary ventilation; 
(d) oxygen consumption. 
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Experiment 11.2: To measure the oxygen uptake 
in small terrestrial inverte- 
brates, such as woodlice 


The oxygen uptake by the invertebrates in this experiment 
is measured using a manometer. Fig 11.40 shows the 
apparatus which is used. 

In respiration, oxygen is taken up and carbon dioxide is 
given off, and so to ensure that the manometer is recording 
oxygen consumption alone, soda-lime is incorporated in 
the apparatus in order to absorb the carbon dioxide 
evolved. 

The apparatus is used to investigate the effect of 
temperature on oxygen uptake. A water bath is used in 
order to keep the temperature of the atmosphere sur- 
rounding the organisms constant whilst readings are being 
taken. 


Materials 
manometer clamps and stands 
manometer fluid water bath 
1 cm? syringe thermometer 
2 boiling tubes stopclock 


2 pieces of zinc gauze (to 
fit the diameter of a 


graph paper 
small invertebrates, such 


boiling tube) as woodlice or blow-fly 
glass beads (or any larvae 
equivalent non- soda-lime 


absorbent material of 
equal volume to the 
invertebrates) 


Method 


(1) Half fill a manometer with fluid and connect a 1 cm? 
syringe to the three-way tap attached to one arm of 
the manometer. 

(2) Place equal volumes of soda-lime in the bottom of 
each of two boiling tubes and then place a zinc-gauze 
platform 1 cm above the soda-lime. 

(3) Place some invertebrates in one boiling tube (ex- 
perimental) and an equal volume of glass beads in the 
other tube (control). The animals must not come into 
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Fig 11.39 Spirometer tracing of subject at rest 


contact with the soda-lime and so the platform must 
be an absolute barrier between the animals and the 
soda-lime. 

(4) Connect the manometer to the two boiling tubes as 
shown in fig 11.40, and adjust the three-way tap and 


screw-clip so that the apparatus is open to the 
atmosphere. 

(5) Clamp the apparatus so that the boiling tubes are in a 
water bath at 20 °C and leave the apparatus at this 


temperature with the taps open for at leas! 15 min. 


(6) Close the tap and screw-clip, note the position of the 
manometer fluid and start the stopclock. 

(7) At regular intervals, read off the position of the 
manometer fluid against the scale. 

(8) At the end of the experiment open the tap and 
screw-clip again. 

(9) Plot a graph of the change in fluid level against time. 


(10) Calculate the rate of oxygen uptake. 

(11) Repeat the experiment several times over a range of 
temperatures, such as 20, 25, 30, 35 and 40 °C 

(12) Plot a graph of rate of oxygen consumption 
temperature. 


Notes 


(1) The fluid that is used in the manometer can be dyed 
water, oil or mercury. The less dense the fluid, the 
greater the displacement in the manometer. 

(2) In order to measure the change in the manometer fluid 
levels, a scale must be attached to the manometer. 
This can be done by attaching the manometer U-tube 
to a piece of hardboard on which a scale or graph paper 
has been glued. Alternatively an adhesive metric scale 
can be attached to the arm of the manometer itself. The 
tape is available from Philip Harris Ltd. 

(3) Before any readings are taken in the experiment, the 
apparatus must be checked to ensure that it is air-tight. 
This can be done by pushing air into the apparatus 
using the syringe, causing the manometer fluid to be 
displaced. The tap should then be used to close off the 
apparatus to the atmosphere and if the apparatus is 
air-tight, the difference in levels of fluid should not 
decrease. 
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Fig 11.40 Apparatus used in the investigation of 
oxygen uptake in small terrestrial invertebrates 
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11.8 
11.8.1 


Unusual conditions in ventilation 


The effects of altitude and acclimatisa- 
tion 


As mountaineers ascend high mountains they 
suffer from inadequate oxygenation of the blood. This 
condition is known as anoxia or hypoxia. It occurs because 
the partial pressure of oxygen, along with the other gases of 
the atmosphere falls with increasing altitude, for example 
at 5 450 m the barometric pressure of the atmosphere is 
0.5 bar which is exactly half that at sea level. Although the 
percentage of oxygen by volume is the same at this altitude 
when compared with the other gases of the atmosphere, the 
actual amount is half that found at sea level. 

Respiratory activity is stimulated by chemoreceptors, 
and at high altitudes, in the quest for more oxygen, the 
increased ventilation expels large quantities of carbon 
dioxide from the lungs causing the acidity of the blood to 
decrease. The increase in alkalinity (greater pH) causes a 
condition known as alkalaemia. This greater pH inhibits 
the activity of the chemoreceptors. Consequently pulmon- 
ary ventilation is hampered and becomes relatively 
inadequate, causing great discomfort and fatigue. 

Given time, the respiratory and circulatory systems are 
able to adjust somewhat to the lower partial pressure of 


oxygen at altitude. After several days alkaline urine is 
expelled from the body thus reducing the alkalaemia. With 
the chemoreceptors no longer inhibited, pulmonary ven- 
tilation will increase, and carbon dioxide concentration will 
once again become the main chemical stimulus in the 
regulation of breathing. At the same time the bone marrow 
is stimulated to produce more red blood cells (erythro- 
cytes). This raises the oxygen-carrying capacity of the 
blood, offsetting to some extent the incomplete oxygen 
saturation of the blood caused by the low partial pressure of 
oxygen. When these adjustments are complete the body is 
said to be acclimatised to its new conditions. 


11.8.2 Diving mammals 


Seals frequently remain submerged in the 
water for periods of up to 15 min. Their blood has a much 
higher oxygen-carrying capacity than human blood, being 
able to carry between 30 and 40 cm? of oxygen per 100 cm? 
of blood. 

During the dive, considerable modifications to the 
circulatory and respiratory system occur which ensure the 
effective distribution of oxygen within the animal and its 
efficient use. Generally this is what happens. At the onset 
of a dive, a nervous reflex decreases the rate at which the 
heart contracts, thus slowing blood flow. Blood pressure in 
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the arteries is maintained because the blood vessels 
constrict. Certain blood vessels constrict completely and 
bring about a redistribution of the blood supply so that only 
the vital organs, such as the heart, brain and other parts of 
the nervous system, receive blood. Such modification 
means that oxygen in the blood will be used up slowly but is 
always available to those organs which are very sensitive to 
anoxia. With little oxygen available to them, the muscles of 
the seal respire anaerobically, accumulating lactic acid. 
Because there is little blood passing from the muscles to the 
general circulation, no great quantity of lactic acid will be 
distributed round the body and the body will not suffer any 
harmful effects. On returning to the surface, the first breath 
taken is the signal for the heartbeat to increase, and blood 
circulation to return to normal. When this happens lactic 
acid is passed into circulation and metabolised in the liver. 
The air in the lungs is rapidly replaced as each breath can 
exchange as much as 8046 of the air in the lungs. 


11.9 


Flowering plants 


Plants require less energy per unit mass than 
animals as they possess lower metabolic rates. Whereas 
some small plants can carry out gaseous exchange by dif- 
fusion over their whole surfaces, large flowering plants 


exchange gases through stomata in their leaves and on their 
green stems (herbaceous stems), or if the stems are woody, 
through cracks in the bark or via lenticels (section 21.6.6), 

Once inside the plant, movement of oxygen is deter- 
mined by the diffusion gradients that exist in the intercellu- 
lar air spaces. In this way oxygen travels towards the cells 
and dissolves in the surface moisture of their walls. From 
here it passes by diffusion into the cells themselves. Carbon 
dioxide leaves the plant by the same pathway but in the 
reverse direction. 

The whole situation becomes more complex in chloro- 
phyll-containing cells if the plant is also photosynthesising 


at the same time. Here oxygen produced by the chloro- 
plasts may be immediately used up by mitochondria 
contained in the same cell, and carbon dioxide issuing from 
the mitochondria consumed by the chloroplasts. 

Further information concerning gaseous exchange in 


flowering plants can be found in chapter 9. 


11.19 (a) Construct a table showinc the 
major differences between photosynthesis and ecro- 
bic respiration. (b) Make a list of similarities (inciud- 
ing biochemical similarities), between photosyn- 
thesis and aerobic respiration. 


Chapter Twelve 


Organisms and their environment 


| cology is the study of the relationships of living organisms 
to cach other and their surroundings. The term ‘ecology’ 
wus first used by the German biologist Ernst Haeckel in 
and is derived from the Greek roots ‘oikos’ meaning a 
se’ or ‘living-place’ and ‘logos’ meaning the ‘study’ or 
nce of’. Thus, literally, ecology means the study of the 
ih’s households. It adopts a holistic approach, that is 
one in which a whole picture is built up which is more 
ortant than the parts. Although the various parts often 
to be analysed separately, as described in chapter 13, 
he synthesis of all the available information into an 
rall picture of the living systems and their surroundings 

i! is important. 
cology has its roots in natural history and has ranked 
^"gside physiology, genetics and other disciplines as a 
branch of biology from about 1900. Since the mid-1950s the 
and importance of ecology have increased greatly, 
modern ecology is best viewed as an important 
i^rdisciplinary science linking physical, biological and 
al sciences. Its relationship with other branches of 
logy is summarised in fig 12.1, which shows that living 
anisms can be studied at different levels of organisation. 
| cology spans the right-hand portion of the diagram, which 
includes organisms, populations and communities. Ecolog- 
regard these as the living part (biotic component) of a 
system called the ecosystem. This also includes a non-living 
part (the abiotic component) which contains matter and 
Populations, communities and ecosystems are 
s which have precise meanings in ecology, and they are 
defined in fig 12.1. The different ecosystems are united to 
form the biosphere, or ecosphere, which includes all the 


i 


energy 


living organisms and the physical environment with which 
they interact. Thus, the oceans, land surface and lower 
parts of the atmosphere all form part of the ecosphere. 

Within ecology, studies have traditionally been of two 
types, namely autecology and synecology. Autecology 
focusses on the relationships between an organism or 
population and the environment, whereas synecology looks 
at communities and the environment. Thus, while in an 
autecological study one might examine the ecology of a 
single oak tree, or the species Quercus robur (pedunculate 
oak), or the genus Quercus (oak), in a synecological study 
it is the whole oakwood community which is examined 
(sections 13.4 and 13.5). 

As Southwood noted in 1981* in a useful review 
summarising the changing nature of ecology, the first 
ecological article in the journal New Scientist (in 1956) dealt 
with the reintroduction of red deer into Scotland in an 
essentially autecological study. More recently, emphasis in 
ecological work has shifted to ecosystem (that is commun- 
ity and environment) and even ecosphere (whole planet) 
studies. It is at these levels of organisation that the 
important contribution to ecology of sciences other than 
biology, notably chemistry, physics, pedology (the study of 
soils) and hydrology (the study of water), as well as the 
various social sciences, can most clearly be understood. 

The growing awareness of ecology, particularly in the 
interaction between Man and the environment, is seen in 
many ways. In the USA developers are required by law to 
prepare Environmental Impact Statements (EIS) before 


* Southwood, T. R. E. New Scientist, 92, 512-4 (19 Nov 1981) 
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any new project may begin. In Britain many local planning 
authorities now employ ecologists or seek advice from 
county Naturalist Trusts, and ecologists have increasingly 
found a place in government committees dealing with the 
environment, such as the permanent Royal Commission on 
Environmental Pollution (RCEP). 


12.1 


Approaches to ecology 


A proper understanding of ecology requires 
simultaneous consideration of all factors interacting in a 
particular place, and the sheer scope of this task presents 
problems. In practice, most ecologists adopt one of several 
main approaches when undertaking a new investigation. 
These approaches may be summarised as the ecosystem 
approach, the community approach (synecology), the 
population approach (autecology), the habitat approach 
and the evolutionary and historical approaches. 

These five approaches to ecology interact and overlap to 
some extent, and in this text it is not possible to consider all 
in equal depth. Instead, attention will be focussed on the 
ecosystem, community and population approaches which 
between them include the essence of the subject. The 
habitat and evolutionary approaches, while giving impor- 
tant new perspectives, are essentially for convenience and 
are embraced by the first three approaches. A brief 


summary of the chief characteristics and contributions to 
ecology of the five approaches is given below. 


Ecosystem approach 


The ecosystem was first defined by Tansley in 1935 as the 
living world and its habitat. The ecosystem approach 
focusses on the flow of energy and cycling of matter 
between living and non-living components of the eco- 
sphere. A systems ecologist, therefore, is usually con- 
cerned with the functional relationships (such as feeding) 
between organisms and between them and their environ- 


ment, rather than with species composition of communities 
and identification of rarities or special variations. The 
ecosystem approach also highlights the similarity in 
organisation of all living systems irrespective of differing 
taxonomy or habitat. A simple comparison of aquatic and 
terrestrial ecosystems, as shown in fig 12.2, serves to stress 
this point. Note the similarities in structure and functional 
units between the two systems despite the widely differing 
habitats and species contained within them. 

At the same time, the ecosystem approach introduces 
the concept of homeostasis (self-regulation) into living 
systems, and makes clear that breakdown of the regulatory 


lead to 
also 
ound 


mechanisms, for example by pollution, may 

biological imbalance. The ecosystem approac! 
relevant to the future development of scientifici 
agricultural practices. 
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Fig 12.2 A simple comparison of the gross structure of an 
aquatic (freshwater or marine) and a terrestrial ecosystem. 
Necessary units for function are: |, abiotic substances (basic 
inorganic and organic compounds); Il, producers (vegetation 
on land, phytoplankton in water); IIl, animals — IIIA, direct or 
'grazing' herbivores (grasshoppers, meadow mice etc. on 
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land, zooplankton etc. in water); IIIB, indirect or 
detritus-feeding consumers (soil invertebrates on land, bottom 
invertebrates in water); IIIC, ‘top’ carnivores (hawks and large 
fish); IV, decomposers (bacteria and fungi of decay). Ill and 
IV comprise the consumers. (Modified from E. P. Odum 
(1975) Ecology, 2nd ed., Holt, Rinehart & Wilson.) 


Community approach 


Community ecology focusses in particular on the biotic 
components of ecosystems. It is synonymous with a 
synecological approach (sections 12.5 and 13.4). Thus in 
community studies one examines the plants, animals and 
microbiology of a recognisable biotic unit, such as a 


woodland, grassland or heathland. Limiting factors may be 
identified, but functional aspects of the physical environ- 
ment, such as weathering, are not usually studied in any 
detail, Emphasis is placed instead on the identification and 


description of the species present, as well as an examina- 
tion of factors which control their presence, such as 
dispersal and competition. 
|»e important aspect of community studies is the 
€ ept of succession and climax communities (section 
| which is an important consideration for rational 
conservation management. 


Population approach 


ulation ecology covers the area studied in autecology 
tions 12.6 and 13.5). Modern population studies are 
cerned with the characteristic mathematical forms of 
i rowth, maintenance and decline of species popula- 
ns, They embrace a number of important concepts, such 
natality (birth rate), survivorship and mortality. Popula- 
uon ecology provides the theoretical basis for understand- 
ie ‘outbreaks’ of pests in agriculture and medicine, the 
possibilities for biological control methods (the control of 
organisms by biological means, such as the introduc- 
of their predators or parasites), and the critical 
iumbers of individuals needed for continued survival of a 
pecies. This latter point is important for the design and 
igement of nature reserves and game parks, and also 
s strongly with evolutionary and historical ecology. 
Recent application of ecological ideas to palaeontology 
hos given new insights into how species interacted in fossil 
communities. Population ecology provides an important 
theoretical basis for examining species expansion and 
extinction since the very beginnings of life on this planet. 


Habitat approach 
^ habitat is a well-defined locality in which an organism 
lives, such as a hedgerow, freshwater pond, oakwood or 
rocky shore. The organism is adapted to the particular 
physical conditions of the habitat. Particular locations 
within the same overall habitat may have their own special 
conditions and are sometimes referred to as microhabitats, 
such as beneath the bark of a rotting log in an oakwood. 
Each species occupies a particular ecological niche within 
the habitat. This includes the physical space where it can be 
found, but more importantly is defined by its role in the 
community, particularly its feeding activities and interac- 
tions with other species. If two species occupy the same 
niche they will generally compete with one another until 
one is displaced. Similar habitats have similar ecological 
niches and in different parts of the world may contain 
morphologically similar, but taxonomically different, 


animal and plant species. Open grassland and scrub, for 
example, will typically provide a niche for fast-running 
herbivores, but these may be horses, antelope, bison, 
kangaroos, and so on. 

The habitat approach is essentially one based on 
convenience and offers little extra insight to the first three 
approaches described above. It is nevertheless a widely 
used approach in field study since the habitat is easy to 
define. Details of the application of this approach to 
ecological investigation are given in chapter 13. Some 
communities are so intimately associated with particular 
habitats that they cannot be studied in any other context, 
such as sand dune and salt marsh communities. However, 
an adequate study of, for example, sand-dune ecology will 
incorporate the other four approaches. 

The habitat approach is also convenient for studying 
those characteristics of the physical environment which are 
intimately linked with plants and animals such as soils, 
moisture and light. Here, links with the ecosystem and 
community approaches are particularly strong. The conti- 
nued development of related sciences such as hydrology, 
pedology, meteorology, climatology and oceanography 
has opened important new interdisciplinary areas of study. 
Unfortunately it also makes the challenge too wide for 
reasonable study by any one individual, so teamwork is 
important and individual ecologists generally focus on one 
aspect of plant or animal and environment interactions, 
such as forest hydrology, crop climatology and derelict land 
reclamation. Again it is expected that functional 
approaches (ecosystem, community and population 
approaches) will be incorporated into the studies. 


Evolutionary and historical approach 


By studying how ecosystems, communities, populations 
and habitats have changed with time we gain important 
insights into the likely nature of future changes. Evolution- 
ary ecology views the changes since life evolved and gives us 
an important understanding of the nature of the ecosphere 
before Man became an important environmental influence 
on most other organisms and on the physical environment. 
It may be studied by trying to construct ecosystems of the 
past using evidence from fossils, pollen analysis, and so on, 
as well as knowledge of modern ecosystems. 

Historical ecology is concerned with changes associated 
with Man's developing technology and hence his increasing 
impact. It covers the period from the Neolithic* to the 
present. 

Using these approaches, long-term ecological trends and 
strategies may be identified which contemporary studies 
alone may not reveal; for example climatic changes, 
convergent evolution (section 24.7.6) and the geographic 
spread of plant and animal species (section 24.7.2). This 
approach to ecology contributes more new theoretical 
ideas than the habitat approach. 


* Neolithic — ‘New Stone Age’ about 3000 BC to 1500 BC. Beginnings of 
agriculture and ‘urban’ culture. 
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The study of past communities and populations has 
traditionally been part of palaeontology, but the applica- 
tion of ecosystem ideas to the past is relatively recent, and 
evolutionary ecology is an expanding and fruitful field of 
study. 


12.2 
12.2.1 


The ecosystem 


Overall structure of ecosystems 


Ecosystems are made up of living and non- 
living components, known as biotic and abiotic components 
respectively. The organisms in the biotic component are 
collectively known as the community. Fig 12.2 shows in a 
simplified way the overall structures of a terrestrial and an 
aquatic ecosystem. A study of ecosystems involves trying to 
understand and describe the close interrelationships that 
exist between the community and the abiotic component. 
These two components are considered briefly here, and 
then in more detail in sections 12.3 and 12.4 respectively. 

The biotic component can usefully be subdivided into 
autotrophic and heterotrophic organisms. All living organ- 
isms fit into one of these two categories, as has been 
described in table 9.1. Autotrophic organisms synthesise 
their own organic requirements from simple inorganic 
molecules and, with the exception of chemosynthetic 
bacteria, do this by photosynthesis, using light as an energy 
source. Heterotrophic organisms require a source of 
organic food and, with the exception of a few bacteria, rely 
on a chemical source of energy derived usually from the 
organic food they consume. It will be shown that 
heterotrophs are dependent on autotrophs for their 
existence, and that an understanding of their relationships 
is essential to an understanding of ecosystems. 

The non-living or abiotic component of an ecosystem is 
principally divided into soil or water, and climate. Soil and 
water contain a mixture of inorganic and organic nutrients. 
The underlying bedrock from which soil is partly derived 
and on which it is based contributes to the properties of the 
soil. Climate includes such environmental variables as 
light, temperature and water, which are important in 
determining the types of living organisms that can flourish 
in the ecosystem. In aquatic ecosystems salinity is another 
major variable. 


ABIOTIC COMPONENT 


> flow of energy 


— ——— cycling of nutrients 


` 


-n heat 


light ee — 
energy LL P BIOTIC COMPONENT L— —À» energy 


nutrients 


Fig 12.3 Flow of energy and cycling of nutrients through an 
ecosystem 
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With the ecosystem approach, we are ultimately con- 
cerned with a synthesis of our knowledge into an 
understanding of a complex system, and this should be 
borne in mind as different parts of the system are analysed 
separately. 


12.3 The biotic component of the 
ecosystem - energy and nutrient 
relationships 


12.3.1 Energy flow and nutrient cycling 


The organisms of an ecosystem are linked by 
their energy and nutrient relationships and the distinction 
between energy and nutrients must be fully appreciated, 
Chapters 9-11 have already dealt with living organisms as 
consumers of energy and nutrients and it is strongly 
recommended that the opening sections of chapter 9 are 
read so that this is fully understood. 

In section 9.1 energy is defined as the capacity to do work 
and living organisms are likened to machines in that they 
require energy to keep working, that is to stay alive. The 
ecologist can regard the whole ecosystem as one machine 
which is kept working by an input of energy and nutrients 
(materials or matter). Nutrients are derived originally from 
the abiotic components of the ecosystem, to which they 
eventually return, either as waste products or as the dead 
bodies of organisms. Thus a constant recycling of nutrients 
occurs within an ecosystem. Both living and non-living 
components are involved, so the cycles are called 
biogeochemical cycles. They are described further in 
section 12.4.6. 

The energy to drive these cycles is supplied ultimately by 
the Sun. In the biotic component, photosynthetic organ- 
isms utilise the Sun's energy directly and pass it on to other 
organisms. The net result isa flow of energy and a cycling of 
nutrients through the ecosystem as illustrated in fig 12.3. It 
should also be pointed out that in the abiotic component 
climatic factors such as temperature, movement of the 
atmosphere, evaporation and rainfall are also regulated by 
the input of solar energy. 

To understand why energy flows through the ecosystem 
in a linear fashion, rather than being recycled and re-used 
like the nutrients, a brief consideration of thermodynamics 
is necessary. 

Energy can be thought of as existing in various forms, 
such as mechanical, chemical, heat and electrical energy; 
all of which are interconvertible. The change of energy 
from one form to another, known as the transformation of 
energy, is governed by the laws of thermodynamics. The 
first law, the law of conservation of energy, states that 
energy may be transformed from one form into another, 
but can be neither created nor destroyed. The second law 
states that, in performing work, no energy conversion can 
be 100% efficient and that some energy must escape as 
heat. Heat is the result of the random movement of 


molecules, whereas work always involves a non-random 
(ordered) use of energy.* The concept of ‘work’ can be 
applied to any energy-consuming process carried out by 
living organisms, from processes at the cellular level, such 
as the maintenance of electrical gradients across mem- 
branes and protein synthesis, to processes at the level of the 
whole organism, such as growth, development, repair and 
rc production. 
| hus living organisms are energy transformers and each 
Ume an energy transformation is carried out some energy is 
lost as heat. Ultimately all the energy that enters the biotic 
component of the ecosystem is lost as heat. It may be 
imagined that since heat can be used to do work, as in a 
um locomotive, there is no reason why heat should not 
bo recycled. However, the process that generates the heat 
/ juires more energy than can be reclaimed by recycling 
the heat, so that an overall rundown of useable energy 
ould still occur. In practice, living organisms do not use 
host as a source of energy to do work, but use light or 
mical energy. 
‘he study of energy flow through ecosystems is called 
«rgeties and since this is the dominant theme in the study 
oi ceosystems it is important to become familiar with the 
rey units used. 
12.3.2 Energy units 
The SI unit of energy is the joule, though the 
‘1: \Hional unit of the calorie is still in common use. Both 
unis are defined in table 12.1, which also includes 
‘erences to the energy content of representative foods 
1d organisms, and to daily food requirements of repre- 
sentative organisms. 


124 Why 
content in table 12.1 q 
tresh (wet) mass? 


daily energy requirements 
mammals on a weight for 


12.3.3 The Sun as a source of energy 


The ultimate source of energy in ecosystems is 
the Sun. The Sun is a star which releases vast amounts of 
solar energy into space. The energy travels through space 
as electromagnetic waves and a small fraction of it, 
amounting to about 10.5 x 10° kJ m^ yr`', is intercepted 
by the Earth. Of this, about 40% is reflected immediately 
from the clouds, dust in the atmosphere and the Earth's 
surface without having any heating effect. A further 15% is 
absorbed and converted to heat energy by the atmosphere, 
particularly by the ozone layer in the upper atmosphere, 


* The increase in disorder that is involved in energy transformations is 
measured as a term called entropy. In the universe as a whole entropy is 
continuously increasing. 


Table 12.1 Units of energy and energy content of some 
living organisms and biological molecules. 


Energy units 
calorie (cal) - the amount of heat (or energy) needed to raise 


or gram calorie. the temperature of one gram of water through 
1 °C (14,5 °C to 15.5 °C) 


kilocalorie 
(kcal or Cal) — 1 000 cal 
joule (J) - 10" ergs: 1 erg is the amount of work done when 


1 newton moves through | metre (1 newton (N) 
is a unit of force) 

Alternatively 981 ergs is the work done in 
raising a gram weight against the force of gravity 
to a height of 1 cm 


kilojoule (kJ) - 1 000 J 


1 J = 0,239 cal 1 cal = 4.186 J 


Energy content (averages or approximations) 
joules per gram dry mass 
(energy value) 


carbohydrate 16.7 
protein 20.9 
lipid 38.5 
terrestrial plants 18.8 
algae 20.5 
invertebrates (excl. insects) 12.6 
insects 22.6 
vertebrates 23.4 


(differences between these groups of organisms are due partly to 
different mineral contents) 


Daily food requirements KJ per kg live body mass 


Man 167 
(about 12 500 kJ day”! for a 70 kg 
adult) 

small bird or mammal 4 186 

insect 2093 


Based on data from table 3.1, Odum, E. P. (1971) Fundamentals 
of Ecology, 3rd ed. Saunders. 


and by water vapour. The remaining 45% is absorbed by 
plants or by the Earth's surface, This represents an average 
of about 5 x 10^ kJ m^ yr, though the actual amount for 
a given locality depends on latitude. Much of the energy is 
reradiated from the Earth's surface and heats up the 
atmosphere, about two-thirds of the energy in the 
atmosphere coming from this source. Only a small 
proportion of the incoming energy enters the biotic 
component of the ecosystem. 


Food chains and trophic levels 


Within the ecosystem, the energy-containing 
organic molecules produced by autotrophic organisms are 
the source of food (materials and energy) for heterotrophic 
organisms; a typical example is a plant being eaten by an 
animal. This animal may in turn be eaten by another 
animal, and in this way energy is transferred through a 


12.3.4 
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aiae 
waste and 
unused < al 
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detritus feeders and decomposers 


producers = primary producers 
herbivores = primary consumers 


carnivores = secondary consumers, 
tertiary consumers etc, 


series of organisms, each feeding on the preceding 
organism and providing raw materials and energy for the 
next organism. Such a sequence is called a food chain. Each 
stage of the food chain is known as a trophic level (trophos, 
feeding), the first trophic level being occupied by the 
autotrophic organisms, the so-called primary producers. 
The organisms of the second trophic level are usually called 
primary consumers, those of the third level are secondary 
consumers, and so on. There are usually four or five trophic 
levels, and seldom more than six for reasons stated in 
section 12.3.7 and obvious from fig 12.12. Further 
characteristics of each link in the chain are as follows, and 
the sequence is summarised in fig 12.4. 


Primary producers 


The primary producers are autotrophic organisms, and are 
mainly green plants. Some prokaryotic organisms, namely 
blue-green algae and a few bacteria, are also photosyn- 
thetic but their contribution is relatively small. Photosyn- 
thetic organisms transform solar energy (light energy) to 
chemical energy which is contained within the organic 
molecules that make up their tissues. A small contribution 
is also made by chemosynthetic bacteria which obtain their 
energy from inorganic compounds. 

The major primary producers of aquatic ecosystems are 
algae, often minute unicellular algae that make up the 
phytoplankton of the surface layers of oceans and lakes. 
On land the major primary producers are the more 
advanced plants, namely angiosperms and gymnosperms, 
which form forests and grasslands. 


Primary consumers 
Primary consumers feed on primary producers and are 
therefore herbivores. On land, typical herbivores include 
insects as well as reptiles, birds and mammals. Two 
important groups of herbivorous mammals are rodents and 
ungulates. The latter are hoofed grazing animals such as 
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Fig 12.4 Flow of energy and cycling of materials through a 
typical food chain. Note that a two-way exchange is possible 
between carnivores and detritus feeders/decompose he 
latter feed on dead carnivores; carnivores may eat livi 
detritus feeders/decomposers 


horses, cattle and sheep that are adapted for running on the 
tips of their digits. 


In aquatic ecosystems (freshwater and marine) the 
herbivores are typically small crustaceans and molluscs. 
Most of these organisms, such as water fleas, copepods, 
crab larvae, barnacles and bivalves (for example mussels 
and clams) are filter-feeders and extract the minute 
primary producers from the water as described in section 
10.2.2. Together with protozoa, they make a large 
contribution to the zooplankton which feed on the 
phytoplankton. Life in the oceans and lakes is almost 
totally dependent on plankton since it is found at the 
beginning of virtually all food chains. 

Primary consumers also include parasites (fungi, plants 


or animals) of plants. 


Secondary and tertiary consumers 


Secondary consumers feed on herbivores and are therefore 
carnivores. Tertiary consumers feed on secondary con- 
sumers and are also carnivores. 

Secondary and tertiary consumers may be predators, 
which hunt, capture and kill their prey; carrion feeders, 
which feed on corpses; or parasites, in which case they are 
smaller than their hosts. Parasite food chains are excep- 
tional and are included with pyramids of numbers in section 
12.3.6. 

In a typical predator food chain the carnivores get larger 
at successive trophic levels: 


plant (such as nectar) fly5spider—shrew—owl 


rosebush sap—aphid—ladybird—spider—insectivorous bird—hawk 


In a typical parasite food chain the parasites get smaller 
at successive levels (section 12.3.6). Some further ex- 
amples of food chains are given below. 


Marine: diatom————» copepod -——> herring 
(unicellular algae (small Clupea harengus 
forming crustaceans 
important forming 
constituents of important 


phytoplankton, constituent of 
e.g. Chaetoceros) zooplankton, 
e.g. Calanus) 


seaweed— —» 
e.g. Fucus 


Seashore: flat periwinkle oystercatcher 


Littorina Haematopus 
littoralis ostralegus 


Freshwater: diatom————»*  mayfly larva—> caddis fly larva 
e.g. Navicula Baetis rhodani Rhyacophila sp. 
Voodland: woodland x 


plant ——— —- bank vole——> tawny owl 
e.g. Rubus sp. Clethrionomys Strix aluco 
(blackberry) glareolus 


Decomposers and detritivores (detritus 
food chains) 


vo basic types of food chain exist, namely grazing food 
hains and detritus food chains. The examples quoted so 
lar are of grazing food chains, in which the first trophic level 
occupied by a green plant, the second by a ‘grazing’ 
nimal (herbivore) (the term grazing being used in a broad 
ense to include the eating of a plant by any animal), and 
ubsequent levels by carnivores. When plants and animals 
e their bodies still contain energy and raw materials, as do 
waste products such as urine and faeces which they 
deposit during their lives. These organic materials are 
iccomposed by micro-organisms, namely fungi and bac- 
eria, which live saprophytically on the remains. They are 
called decomposers and secrete digestive enzymes on to the 
dead or waste material, subsequently absorbing the 
products of digestion. The rate of decomposition is 
variable. The organic matter of animal urine, faeces and 
corpses is consumed within a matter of weeks, whereas 
fallen trees and branches may take many years to 
decompose. Essential to the breakdown of wood (and 
other plant material) is the action of fungi which produce 
cellulase, softening the wood and allowing small animals to 
penetrate and ingest the material. 

Fragments of decomposing material are called detritus, 
and many small animals feed on these, contributing to the 
process of breakdown. They are called detritivores. 
Because the combined activities of the true decomposers 
(fungi and bacteria) and detritivores (animals) lead to 
breakdown (decomposition) of materials, they are some- 
times all referred to collectively as decomposers, although 
strictly the term decomposer relates to saprophytic organ- 
isms. 


Fig 12.5 Some woodland and seashore detritivores 


woodlouse blowfly maggot 


earthworm 


Woodland 


sea cucumber 


ragworm dogwhelk 


Seashore 


Detritivores may in turn be fed upon by larger 
organisms, building up another type of food chain which 
can be regarded as starting with detritus. Thus: 


detritus detritivore—carnivore. 


Some detritivores of woodland and seashore communities 
are shown in fig 12.5. 
Two typical detritus food chains of woodlands are: 


leaf litter ——> earthworm —— blackbird ——> sparrowhawk 
Lumbricus sp. Turdus Accipiter nisus 
merula 


dead animal — blowflies and —*common frog — grass snake 
blowfly Rana Natrix natrix 
maggots temporaria 
(larvae) 
Calliphora 


vomitoria 


Some typical terrestrial detritivores are earthworms, 
woodlice, millipedes and the smaller (<0.5 mm) animals 
such as mites, springtails, nematode worms and enchy- 
traeid worms. Methods for isolating and examining these 
are given in section 13.2. 
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Fig 12.6 (a) Feeding relationships in a woodland, formin 
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fourth trophic level — EEE 


-tertiary consumers > 
third trophic level M secondary consumers did - 
second trophic level -— — primary consumers herbivores ~ - 
first trophic level + primary producers plants —— - 

(a) (b) 


Fig 12.7 (above) Two common types of pyramids of 
numbers, (a) and (b), and an inverted pyramid (c). These are 
explained in the text 


Fig 12.8 (right) Pyramids of biomass. Type (a) is the more 
common. Type (b) is an inverted pyramid (see text). Figures 
represent g dry mass m. (From E. P. Odum (1971) 
Fundamentals of ecology, 3rd ed., W. B. Saunders.) 


12.3.5 Food webs 


In food chains each organism is depicted as 
ieeding on only one other type of organism. However, the 
(ceding relationships within an ecosystem are more 
complex than this because each animal may feed on more 
than one organism in the same food chain, or may feed in 
different food chains. This is particularly true of carnivores 
al the higher trophic levels. Some animals feed on both 
plants and animals and are called omnivores, for example 
Man. In reality then, the food chains interconnect in such a 
way as to produce a food web. Fig 12.6 illustrates woodland 
and freshwater food webs. Only some of the many possible 
interrelationships can be shown on such diagrams and it is 
usual to include only one or two carnivores at the highest 
level. Such diagrams illustrate the feeding relationships 
among organisms in an ecosystem and provide a basis for 
more quantitative studies of ecological pyramids and 
production ecology discussed in the next two sections. 


12.3.6 Ecological pyramids 


Pyramid of numbers 


A more convenient and quantitative way than the food web 
for studying the relationship between organisms in an 
ecosystem, and for showing them diagrammatically, is the 
ecological pyramid. The organisms of a given area are first 
counted and grouped into their trophic levels. When this is 
done it is usually found that there is a progressive decrease 
in numbers of animals from the second trophic level 


(a) old field, Georgia USA 


zooplankton - «—21 
phytoplankton ———— — —* «4—— — 4 
(b) English Channel 


through to higher trophic levels. Plants in the first trophic 
level also often outnumber animals in the second trophic 
level. This results in a pyramid of numbers. 

For diagrammatic purposes the number of organisms in a 
given trophic level can be represented as a rectangle whose 
length (or area) is proportional to the number of organisms 
in a given area (or volume if aquatic). Fig 12.7 illustrates 
three types of naturally occurring pyramids of numbers. 
The carnivores in the highest trophic level are known as the 
top carnivores. 


Although the data needed to construct pyramids of 
numbers may be relatively easy to collect by straightfor- 
ward sampling techniques, there are a number of disadvan- 
tages associated with their use. Two important disadvan- 
tages are as follows. 
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Fig 12.9 (above) Seasonal changes in pyramids of biomass 
for an Italian lake. Figures represent mg dry mass m~. (From 
E. P. Odum (1971) Fundamentals of ecology, 3rd ed., W. B. 
Saunders.) 


Fig 12.10 (right) Changes in standing crop biomass of 
producers and primary consumers and in certain 
environmental variables in a lake during one year. (From M. 
A. Tribe, M. R. Erant & R. K. Snook (1974) Ecological 
principles, Basic Biology Course 4, Cambridge University 
Press.) 


(1) The producers vary greatly in size, but a single grass 
plant or alga, for example, is given the same status as a 
single tree. This explains why a true pyramid shape is 
often not obtained. Also parasitic food chains may give 
inverted pyramids (see questions 12.3-12.5). 

(2) The range of numbers is so great that it is often difficult 
to draw the pyramids to scale, although logarithmic 
scales may be used. 


Pyramid of biomass 

The disadvantages of using pyramids of numbers can be 
overcome by using a pyramid of biomass in which the total 
mass of the organisms (biomass) is estimated for each 
trophic level. Such estimates involve weighing representa- 
tive individuals, as well as recording numbers, and so are 
more laborious and expensive in terms of time and 
equipment. Ideally, dry masses should be compared. These 
can either be estimated from wet masses or can be 
determined by destructive methods (experiment 13.1). The 
rectangles used in constructing the pyramid then represent 
the masses of organisms at each trophic level per unit area 
or volume. Fig 12.8a shows a typical pyramid of biomass in 
which biomass decreases at each trophic level. 

The biomass at the time of sampling, in other words at a 
given moment in time, is known as the standing biomass or 
standing crop biomass. It is important to realise that this 
figure gives no indication of the rate of production 
(productivity) or consumption of biomass. This can be 
misleading in two ways. 

(1) If the rate of consumption (loss through being used as 
food) more or less equals the rate of production, the 
standing crop does not necessarily give any indication 
of productivity, that is the amounts of material and 
energy passing from one trophic level to the next in a 
given time period such as one year. For example, a 
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fertile, intensively grazed pasture may have a smaller 
standing crop of grass, but a higher productivity, than a 
less fertile and ungrazed pasture. 
(2) If the producers are small, such as algae, they have a 
high turnover rate, that is a high rate of growth and 


reproduction balanced by a high rate of consumption or 
death. Thus, although the standing crop may be «mall 
compared with large producers such as tr the 
productivity may be the same, trees accumulatiny their 
biomass over a long time period. Put another way, an 
amount of phytoplankton with the same productivity as 
a tree would have a much smaller biomass than « tree, 
even though it could support the same amount of 


animal life. In general, the larger, longer-lived plants 
and animals have lower ‘turnover rates’ than the 
smaller, shorter-lived plants and animals, and accumu- 
late materials and energy over a longer time period. 
One possible consequence of this is shown in fig 12.8), 
where an inverted pyramid of biomass is illustrated for 


an English Channel community. The zooplankton is 
shown to have a higher biomass than the phytoplankton 
on which it feeds. This is characteristic of ocean and 
lake planktonic communities at certain times of year; 
phytoplankton biomass exceeds zooplankton biomass 
during the spring ‘bloom’, but at other times the reverse 
might be true. Such apparent anomalies are avoided by 
using pyramids of energy as described below. 


12.6 Consider the two pyramids of 
biomass shown in fig 12.9. They represent plankton 
inan Italian lake at two different times of year, spring 
and winter. Account for the inversion of the pyramid 
during the year. 


12.7 Fig 12.10 shows the standing crop 

biomass of producers and primary consumers in a 

lake throughout the year, as well as certain environ- 

mental variables. 

(a) In what months could an inverted pyramid of 
biomass be obtained? 

(b) What factors account for (i) the spring rise in 
phytoplankton production, (ii) the rapid decline in 
phytoplankton in the summer, (iii) the increase in 
phytoplankton in the autumn, (iv) the decrease in 
phytoplankton during the winter? 


Pyramid of energy 


lhe most fundamental and ideal way of representing 

relationships between organisms in different trophic levels 

is by means of a pyramid of energy. This has a number of 
dvantages. 

(1) [t takes into account the rate of production, in contrast 
to pyramids of numbers and biomass which depict the 
standing states of organisms at a particular moment in 
time. Each bar of a pyramid of energy represents the 
amount of energy per unit area or volume that flows 
through that trophic level in a given time period. Fig 
12.11 shows a pyramid of energy for an aquatic 
ecosystem. Note that the units used are for energy flow. 


carnivores to top carnivores 88 
herbivores to carnivores 1 603 


producers to herbivores 14 098 


gross production 87110 


Fig 12.11 Pyramid of energy for Silver Springs, Florida. 
Figures represent energy flow in kJ m? yr”. (From 

E. P. Odum (1971) Fundamentals of ecology, 3rd ed., 

W. B. Saunders.) 


(2) Weight for weight, two species do not necessarily have 
the same energy content, as table 12.1 indicates. 
Comparisons based on biomass may therefore be 
misleading. 

(3) Apart from allowing different ecosystems to be 
compared, the relative importance of populations 
within one ecosystem can be compared and inverted 
pyramids are not obtained. This is illustrated by table 
12.2, where energy flow (energy output) through 
primary consumers of different biomass is compared. 
Note, for example, that the great importance of soil 
bacteria in terms of energy flow is not obvious from 
their small biomass. 

(4) Input of solar energy can be added as an extra rectangle 
at the base of a pyramid of energy. 


Table 12.2 Density, biomass and energy flow of five 
primary consumer populations. 


Approximate Biomass Energy flow 
density (kJ m ? 
(no. m ?) (gm?) day ') 
Soil bacteria 10°? 0.001 4.2 
Marine copepods 10° 2.0 10.5 
(Acartia) 
Intertidal snails 200 10.0 4.2 
(Littorina) 
Salt marsh grasshoppers 10 1.0 La 
(Orchelimum) 
Meadow mice 10° 0.6 2.9 
(Microtus) 
Deer (Odocoileus) 10° 1.1 2.1 


From Odum, E. P. (1971). 


Although pyramids of energy are the most useful of the 
three types of ecological pyramid, they are the most 
difficult to obtain data for because they require even more 
measurements than pyramids of biomass. One extra piece 
of information needed is the energy values for given masses 
of organisms. This requires combustion of representative 
samples. In practice, pyramids of biomass can sometimes 
be converted to pyramids of energy with reasonable 
accuracy, based on previous experiments. 


12.8 Explain the connection between the 
pyramid of energy and the second law of thermo- 
dynamics. 


12.3.7 Production ecology 


The study of productivity is known as produc- 
tion ecology, and involves the study of energy flow through 
ecosystems. 

Energy enters the biotic component of the ecosystem 
through the primary producers, and the rate at which this 
energy is stored by them in the form of organic substances 
which can be used as food materials is known as primary 
productivity. This is an important parameter to measure as 
it determines the total energy flow through the biotic 
component of the ecosystem, and hence the amount 
(biomass) of life which the ecosystem can support. 


12.9 In considering the primary produc- 
tivity of an ecosystem, which groups of organisms 
other than plants make a contribution? 


As mentioned in section 12.3.3, the amount of the Sun's 
radiation intercepted by plants varies with latitude. It also 
varies with the amount of vegetation cover, and in Britain 
this value has been estimated at 1 X10^ kJ m^? yr !. Of 
this, 95-99% is immediately reflected or absorbed and lost 
as heat of evaporation, or by conduction and convection. 
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The rest is absorbed by the chlorophyll and used in 
production of organic molecules. The rate at which this 
chemical energy is stored by plants is known as gross 
primary productivity (GPP). About 2046 of the GPP is 
used by the plant in respiration and photorespiration. The 
remainder is stored in the plant and is known as the net 
primary productivity (NPP). It is this energy which is 
available to the next trophic level. 

In the example given in fig 12.12 NPP is given as 
8 000 kJ m-? yr-!, or 0.8% of received radiation (1% of 
absorbed radiation and 80% of the GPP). All these figures 
are on an annual basis, productivity being higher in the 
summer and lower during winter. 

When herbivores and carnivores consume other organ- 
isms, food (materials and energy) is thereby transferred 


measured as increase in biomass, or better as increase in 
energy value of the body, with time. Faeces and excreta can 
be collected, weighed and subtracted from the mass of food 
consumed to determine food retained and used for growth 
and respiration. 

Fig 12.12 shows clearly that energy is lost at every stage 
in the food chain and the length of the food chain is 
obviously limited by the extent of these losses. The 
proportion of energy lost in the first transfer of energy from 
solar energy received to net primary production is 
Subsequent transfers are at least ten times more c! 
than this initial transfer. The average efficiency of transfer 
from plants to herbivores is about 10% and from animal to 
animal is about 20%. In general, herbivores make less 
efficient use of their food than do carnivores because plants 


from one trophic level to the next. Some of the food contain a high proportion of cellulose and sometimes wood 
remains undigested and is lost immediately in the process (which contains cellulose and lignin) which are : vely 
of egestion. For animals with alimentary canals this is indigestible and therefore unavailable as energy sources for 
usually in the form of faeces. Collectively, egested most herbivores. 
substances are known as egesta. They contain energy, as do Energy lost in respiration cannot be transferred 10 other 
organic excretory products (excreta) such as urea. Excreta living organisms. However, the energy lost from « food 
are products of the animals own metabolism, unlike chain in the form of excreta and egesta is not losi 1o the 
egesta. Animals, like plants, also lose energy as a result of | ecosystem because it is transferred to detritivores and 
respiration. The energy remaining in heterotrophs after | decomposers. Similarly, any dead organisms, fall ives, 
losses through egestion, excretion and respiration is twigs and branches and so on will start detritus and 
available for production, that is growth, repair and ^ decomposer food chains. The proportion of net primary 
reproduction. production flowing directly into detritus and decoi poser 
Production by heterotrophs is called secondary produc- food chains varies from one system to another. In .. lorest 
tion (whatever the trophic level). The following word ^ ecosystem most of the primary production en the 
equation summarises the fate of energy consumed by an detrital rather than the grazing pathway with the result that 
animal: the litter and humus on the forest floor is the centre o! much 
of the consumer activity, even though the organisms 
food consumed = growth + respiration + egesta + excreta involved are mostly inconspicuous. However, in an ocean 
ecosystem or an intensively grazed pasture more than half 
Some of these terms can be measured easily in domestic the net primary production may enter the grazins food 
animals or in laboratory studies of wild animals. Growthis ^ chain. 
y" aR R R R 
() x 10^ solar energy 
: | 
AUTOTROPH b | | HERBIVORE PRIMARY - SECONDARY 
, Photosynthesis č Jj és CARNIVORE " CARNIVORE 
0.5 x 10! — 10 000 8000 — —H» 800 [—— 160 — <r 16 
Le absorbed gross primary net primary B secondary secondary secondary 
0.5 x 10° production production | | production i production | production 
not absorbed S 
(reflected) NG | l 
0.49 x 10° death E death È death B death 
| 


heat of evaporation, 
conduction, convection 


R = energy loss through respiration 


E = energy lost from grazing food 
chain to detritivores and 
decomposers through excretion 
(e.g. urine) and egestion (e.g. 
faeces) 


C= consumption by organisms at the 
higher trophic level 


all energy values given 
in kilojoules (kJ) 
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DETRITIVORES AND DECOMPOSERS 


_ 


Fig 12.12 Energy flow through a grazing food chain, such as 
a grazed pasture. Figures represent kJ m? yr-t 


1856 x 10° 


respiration 


respiration 59 9 y, 19i 
and faeces ^'^ 


500 


respiration 
and faeces 


60 x 10° 
(ingested) 


respiration 374.3 x 10* 
.  andfaeces // 


common green 
grasshoppers 


700 


spiders 


444 X 10? 
(ingested) 


sunlight grasses and NP 20.4 x 10* dodenus duum 
80 x 10° herbs sylvaticus 
dii 116x 10° (field mice) 
(ingested) 
19.8 x 10° 
NP- ducti BraHi ana respiration death md = 
net production other pathways and fatccs. other pathways 


12.10 Fig. 12.13 shows the energy flow 
ihrough a small portion of a grassland ecosystem. 
The figures are given in kJm-? yr-*. 

(a) What is the gross primary production of grasses 
and herbs? 

(b) What is the photosynthetic efficiency (that is the 
efficiency of conversion of incident solar energy to 
gross primary production)? 

(c) What is the net production of the seed-eating 
birds, spiders and common green grasshoppers 
respectively? 

(d) How much energy is lost via respiration and 
faeces by field mice? 

(e) Which of the organisms are producers, primary 
consumers and secondary consumers? 

(f) Which of the organisms are heterotrophic? 

(g) What are the ‘other pathways likely to be? (Name 
three.) 

(Modified from Tribe, M. A. et al. (1975) Ecological 

Principles, CUP). 


Detrital pathways are often complex and are less well 
understood than the conventionally described grazing 
pathways. Nevertheless they are just as important and, in 
terms of energy flow, frequently more important than 
grazing pathways. 

The figures quoted in this section have been on an annual 
basis. If the ecosystem is stable and not increasing overall in 
biomass, the total biomass at the end of the year will be the 
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Fig 12.13 Movement of energy through a small portion of 
grassland ecosystem. Figures are given in kJ m? yr-'. (From 
M. R. Tribe et al. (1974) Ecological principles, Basic Biology 
Course 4, Cambridge University Press.) 


same as at the beginning. All the energy that went into 
primary production will then have passed through the 
various trophic levels and none retained as net production. 
Normally, however, a system will be in a process of change. 
A young forest, for example, would retain some of the 
energy input in the form of increased biomass at the end of 
the year. A year is a useful period over which to express 
productivity because it takes into account seasonal varia- 
tions where these exist. For example, primary productivity 
is usually greater in the part of the year when new plant 
growth commences and secondary production increases 
later. 

One of the reasons for studying energy flow through 
ecosystems is that it has important implications for the way 
in which Man obtains his own food and energy require- 
ments. It opens the way to analysing traditional systems of 
agriculture for their efficiency, and suggests where im- 
provements can be made. Since energy is lost at each 
trophic level, it is clear that, for an omnivore like Man, 
eating plants is a more efficient way of extracting energy 
from a system (table 12.3). However, in suggesting 
improved methods for providing food, other factors must 
be considered. For example, animal protein is generally a 
better source of the essential amino acids, though some 
pulse crops, such as soya bean, are richer sources than most 
plants. Also animal protein is more easily digested, since 
the tough plant cell walls must first be broken down before 
the plant protein is released. Finally, there are many 
ecosystems where animals can concentrate food from large 
areas where it would be difficult to grow or harvest plant 


Table 12.3 Outputs of agricultural food chains in UK. 


Energy yield Protein yield 
aie of food to Man 
Food chain Example a om (kg ha * yr) 
(a) Cultivated plant crop- Man Monocultures of wheat and 7810-11 000 a 
barley 
(b) Cultivated plant crop Barley-fed beef and bacon 748-1 423 10-15 
livestock — Man pip 
(c) Intensive grassland —» Intensive beef herd on carefully 
livestock Man managed pasture 
Meat b] à 
Milk 3813 46 
(d) Grassland and crops =» Mixed dairy farm 
livestock -Man 
Milk 1356 "n 


Data from Duckham, A. N. & Mansfield, G. B. (1990) Farming Systems of The World, Chatto and Windus, 


crops. Examples are grazing on poor quality pasture land, 
such as by sheep in Britain, reindeer in Scotland and 
Scandinavia and eland in East Africa, or taking fish from 
aquatic ecosystems. 


Rational cropping of ecosystems 

Cropping is the removal of any organism from an 
ecosystem for food, whether plant or animal. Rational 
cropping is using the ecosystem to produce food in the most 
efficient way. This may mean increasing the productivity of 
the crop and decreasing the effects of disease and predation 
by other animals, or by using a crop which is better adapted 
to conditions in the ecosystem. 

Increasing productivity of plant crops may be achieved 
by adding fertilisers to the soil, and by adding water to the 
soil by irrigation or removing excess water by drainage, as 
necessary. Disadvantages of carrying out these processes 
are that, over a long period of time, the use of man-made 
fertilisers can lead to deterioration of the soil structure 
(section 12.4.1), which will eventually lead to a decrease in 
productivity, and addition of fertilisers or water is often 


the crop or the use of chemicals to kill the pest or 
discasc-producing organisms. Using such chemicals must 
be done with care; persistent chemicals, those not rapidly 
broken down in the ecosystem, may have disastrous effects 
on other trophic levels (section 12.3.8), and effective 


Africa with DDT 

The use of C, plants, such as sugarcane and maize, rather 
than C, plants in conditions of relatively high light intensity 
and temperature is an example of using crops better suited 
to the environment. In these conditions C, plants photo- 
synthesise more efficiently, and therefore have a higher 
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productivity, than C, plants (section 9.8.2). A further 
example is the possible use of wild ungulates rather than 
domestic livestock as the ‘crop’ in East Africa. The wild 
, such as eland, have a greater year-long biomass 
(82.2-117.5 x 10° kg ha~! compared with 13.2-37.6 « 10° 
kg ha~ for domestic livestock and cattle) as they are more 
efficient at digesting and assimilating nutrients from poor 
quality herbage, which is particularly important during the 
dry season in the savanna, and possibly also because they 
minem in tho area, 
An important concept in the management of animal 
"crops! which take several years to reach sexual maturity is 
that of maximum sustainable yield. This is the rate of which 
individuals can be cropped from the population without 
affecting the future productivity of the population. It 
requires an of the dynamics of the popular 
tion (section 12.6), particularly birth rate as the higher this 
rate the higher the rate of possible, and also of the 
population structure, This is important as it shows which 
age-groups have the greatest value in producing young for 
future generations so that the other age-group» can be 
selected for cropping. For example, in Britain there is à 
legal minimum mesh size for fishing nets used by 
commercial fishermen. In thís way only the larger and older 
fish which have already bred are caught, rather than those 
which have not reached sexual maturity. Removing these 
smaller and younger fish would affect the production of 
young in future years and so reduce the size of future fish 
populations, 


12.3.8 Concentration effects in food chains 
Since the Second World War there has been a 


and pesticides designed to kill those organisms. particularly 
weeds and insects, that are harmful to crops, livestock and 
Man himself, Among the first of the successful pesticides 
was a group of chlorinated hydrocarbons (organochlor- 


pH ——ocm ot CR 


ines) which included. DDT (dichlorodiphenyturichloro- 
ethane), dieldrin and aldrin. These chemicals are tonie to a 
broad spectrum of animal species, including Man, although 
isrds, fish and invertebrates are wore affected. To the 
surprise of many scientists, it was reported in the mòd- 
1960 that DDT had been detected in the livers of penguins 
in the Antarctic, a habitat very remote from anas where 
DDT might have been used, 


eed ime | 

image Cah Aelita: [9] wu 
smit Do (ndisse mde Í - l — 
LL E ow ] pm 


LAM OLLI IUE rope 
Aves n à tad Chan Fipe represent amra of DOT e 
xata puer A (pum) 


Vestscide posuning hai had devastating effects om wens 
top carmivores, most iotably buds The peregrine takun 
fot example, has disappeared completely (rom the carters 
USA an a result of DDT pomoning Hinds are expecially 
vulnerable because DDT induces hormonal changes that 
effect calcium metabolnm and result in the production of 
thinner egg shells with à consequently high low of ege 
through breakage. Level of DDT in human body fat are 
12-16 ppm in the USA, where the upper legal Kent of DDT 
content for sale of food h 7 ppm 

la more recent years, vome powerful but aon fw rntent 
pesticides have boen developed, sch às organoplimphates 
(for example malathion), and the we of DDT has boen 
severely reduced. However, DDT is relatively cheap to 
produce and continues to be more suitable for certain 
tasks, such as malaria control. When considering whether 
to use pesticides it is often à cave of choosing the lower of 
two evils, DDT has completely eradicated malaria in many 
parts of the world. In Mauritius, for example, although the 
birth rate has pot changed significantly sm 100, a 
population explowion has occurred because far fewer 
babies are dying from malaria Infant mortality fell from 
150 per 1 000 to 30 per 1 000 in 10 years as a result of 
postwar spraying with DDT 


12.4 The abiotic component of the 
ecosystem 


The shtotic, or eon-dming, component of the 
eonyuem i owvementy desded into alipi factor: 
(concerning soil), chemati factor, topwsgrapiss factors aed 
other physical factors that might he operating sim han ma 
tion, orae Current: amd fire 


124.1 — Edaphic factors 


Tike coettifu. teddy of nent n callo guess 
Harty work om sod stroui thew aportatu an voseron of 
evotthetts for plants. ot camem them from a peninga al 
Work was therefore comcentrated oa the 
physics amd chemistry of sih amd they were soe an inert 
inorganic valutamom The frst wsratni to descrive wal s a 


dynamic rather than an inert medium was the Russian 
Dokuchaev in his classic work on Russian soils dating from 
1870. He saw soil as a constantly changing and developing 
material, a dynamic zone in which physical, chemical and 
biological activities occur. He recognised five major 
soil-forming factors, namely climate, parent material 
(geology), topography (relief), organisms and time. 

Although soil is included here with abiotic factors, it is 
better to regard it as a vital link between the biotic and 
abiotic components of terrestrial ecosystems. The term 
'soil' is applied to the layer of material overlying the rocks 
of the Earth's crust. A suitable nutrient content and 
structure are essential for successful crop production. 
Though modern technology can, with some success, 
overcome poor soil conditions, a proper scientific under- 
standing is vital to avoid unwanted environmental side- 
effects. Examples of these are the depletion of soil nutrient 
reserves so often associated with forest clearance, especial- 
ly in the tropics, and the constant over-enrichment of the 
soil by fertilisers in many intensively farmed areas which 
leads to nutrient rich run-off and associated eutrophication 
of waters, such as in the East Anglian broadlands and 
fenlands. 

Soil has four important structural components, namely 
the mineral skeleton (typically 50-60% of the total soil 
composition), organic matter (up to 10%), air (15-2596) 
and water (25-35%). Methods of analysing these compo- 
nents are given in section 13.1.1. In addition, there is a 
biotic component which has been considered in the 
previous section, and is also dealt with further in chapter 
13. 


Mineral skeleton (inorganic content) 


The mineral skeleton of soil is the inorganic component 
and is derived from the parent rock by weathering. 


Soil texture. The mineral fragments com- 
prising the soil skeletal material vary in size from boulders 
and stones down to sand grains and minute clay particles. 
The skeletal material is usually divided arbitrarily into fine 
earth (particles <2 mm) and larger fragments. Particles 


International Society of Soil Science 


clay silt | fine sand coarse sand — | gravel 


0.002 0.02 0.2 20 


British Stanaards System (used by the Soil Survey of England and Wales) 


E clay silt fine [medium] coarse sion 
sand jsand sand | M. 
0.002 0.06 0.2 0.6 2.0 


Diameter of soil particle/mm 
(log scale) 


Fig 12.15  Particle-size classes of soil 
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Fig 12.16 Triangular diagram of soil textural classes as 
used by the Soil Survey of England and Wales, 1974 


<1 um in diameter are termed colloidal. The mechanical 
and chemical properties of soil are largely determined by 
the fine earth material. The distribution of soil particle sizes 
within the fine earth is examined by mechanical analysis in 
the laboratory (section 13.1.1) or, with experience, by 
‘feel’ methods in the field. Fig 12.15 summarises two of the 
most widely used thresholds for sand, silt and clay. In all 
cases clay consists of particles «0.002 mm (2 um) in 
diameter. 

The relative proportions of sand, silt and clay determine 
the soil texture. Fig 12.16 shows a standard soil texture 
triangle and indicates the limits of 11 major soil textural 
classes in routine use by the Soil Survey of England and 
Wales. 

Soil texture is important agriculturally. Medium- and 
fine-textured soils such as clays, clay loams and silt loams 
are generally more suitable for plant growth because they 
have the most satisfactory nutrient and water retention. 
Sandy soils are faster draining and lose nutrients through 
leaching, but may be advantageous in obtaining early crops 
as the surface dries more rapidly than that of a clay soil in 
early spring, resulting in a warmer soil. Stone content of the 
soil (particles >2 mm) may also have importance agricul- 
turally since it will affect wear and tear on agricultural 
implements, and will modify the drainage characteristics of 
fine earth. Generally, as the stone content of a soil 
increases, its water holding capacity decreases. 

The implications of soil texture can be partly understood 
by comparing the properties of pure sand and clay, as 
shown in table 12.4. An ideal soil would contain roughly 


Table 12.4 Comparison of the properties of sand and clay. 


Property Sand 

Texture Coarse, particle size 20.06 mm 

Structure Structureless 

Porosity Pore spaces relatively large, good aeration, rapid 


drainage 


Water-holding 
capacity 
waterlogged 


Temperature Warm due to low moisture content* 


Nutrient 
retention 
accumulate) 


Poor water retention, little water held by capillarity 
(surface tension) or adsorption, does not become 


Low, rapidly leached (sandy soils tend to become 
acidic as bases are leached out and humic acids 


Clay 


Fine, particle size «0.002 mm 


Forms large sticky masses (clods) when wet, becomes 
hard and cracks on drying 


Pore spaces relatively small, poor aeration, slow drainage 


Good water retention, relatively large amounts of water 
held by capillarity (surface tension) and adsorption, easily 
waterlogged 


Cold due to high moisture content* 


High, not leached, clay particles attract cations and some 
anions 


Water has a high specific heat capacity and a high latent heat of evaporation. 


equal quantities of clay and sand, combined with a range of 
'^rmediate particle sizes. In these circumstances a porous 
crumb structure is formed and such soils are called loams. 
/hey usually combine the advantages and eliminate the 
disadvantages of the extreme soil types. Thus mechanical 
analysis of a given soil, which is easily carried out, is a 
useful guide to the soil's properties. 
^griculturally, soils are sometimes referred to as heavy 
(clays) or light (sands) reflecting the power needed to work 
the soil with agricultural implements. Heavy soils are 
poorly drained and are usually wet and sticky. Clodding 
ind compacting make it difficult to obtain a fine tilth. Light 
soils are well drained and a fine tilth is readily obtained as 
the particles separate easily. 


Chemistry of the mineral skeleton. Soil che- 
mistry is partly determined by the mineral skeleton and 
partly by the organic matter, which is described later. A 
high proportion of the minerals in soil are present as 
crystalline structures, left as the resistant products of 
weathering of the original parent rock. Sand and silt consist 
mainly of the mineral quartz, SiO}, which is extremely inert 
and is otherwise known as silica. Silica is also the basis of 
silicate ions, SiO,*~, which typically combine with cations, 
particularly aluminium (AL) and iron (Fe'*, Fe^), to 
form electrically neutral crystals. Silicates are the predomi- 
nant soil minerals. 

One particularly abundant and important group of 
i ; affecting nutrient and water retention are the clay 
minerals. Most of these occur as minute flat crystals, often 
hexagonal in shape, which form a colloidal suspension in 
water, Each crystal contains layers of silicate sheets 
combined with sheets of aluminium hydroxide, with spaces 
between the layers. The combined surface area of the 
layers with their spaces is very large compared with the 
volume of the crystals (5-800 m? g-! clay). The important 
feature of these minerals is that they have a permanent 


negative charge which is neutralised by cations adsorbed 
from the soil solution. The cations are thereby prevented 
from being leached out of the soil and remain available for 
exchange with other cations in the soil solution and in 
plants. The extent to which cations are freely exchangeable 
is referred to as the cation exchange capacity and is an 
important indicator of soil fertility. Water is also attracted 
into the spaces, causing hydration and swelling of the clay. 


Organic matter 


The organic content of the soil is derived from the decay of 
dead organisms, parts of organisms (such as shed leaves), 
excreta and egesta. The dead organic matter is utilised as 
food by a combination of detritivores, which ingest and 
help to break down the material, and decomposers (fungi 
and bacteria) which complete the process of decomposi- 
tion, Undecomposed material is called litter and the final, 
fully decomposed amorphous material in which the original 
material is no longer recognisable is called humus, Humus 
is a dark brown to black colour and chemically very 
complex and variable in composition, consisting of many 
types of organic molecule. These consist mainly of phenolic 
acids, carboxylic acids and esters of fatty acids. Humus, 
like clay, is in a colloidal state. Some of it adheres strongly 
to the clay to form a clay-humus complex. Like the clay, 
the humus has a large surface area and high cation 
exchange capacity, the anions in humus being carboxyl and 
phenolic groups. This capacity is particularly important in 
soils with a low clay content. Humus is very important for 
soil structure, generally improving aeration and water and 
nutrient retention through its chemical and physical 
properties. 

At the same time as humification (formation of humus) 
occurs, essential elements pass from organic compounds 
into inorganic compounds, such as nitrogen into am- 
monium ions (NH,'), phosphorus into orthophosphate 
ions (H;PO, ) and sulphur into sulphate ions (SO; ). This 
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process is called mineralisation. Carbon is released as 
carbon dioxide as a result of respiration (see carbon cycle, 
fig 9.2). 

In order for any type of humus to develop the soil must 
be reasonably well drained, because decay is extremely 
slow under waterlogged conditions where lack of oxygen 
restricts growth of aerobic decomposers. Under such 
conditions the structure of the animal and plant remains is 
thus preserved for long periods of time and they gradually 
become compressed to form peat which may accumulate to 
great depths. The method of determining the humus 
content of a soil sample is described in experiment 13.2. 


Air content 

The soil atmosphere, together with the soil water, occupies 
the pores between soil particles. Porosity (pore space) 
varies with different soils, increasing in the series from 
clays through loams to sands. There is free exchange of 
gases between the soil and external atmosphere with the 
result that the air in both has a similar composition. 
Generally, the soil air has a slightly lower level of oxygen 
and a higher level of carbon dioxide than outside owing to 
respiration by soil organisms. Oxygen is required by the 
roots of plants, by soil animals and by decomposers. Some 
of the soil gases are in solution and it is in this form that they 
are exchanged with living organisms. If the soil becomes 
waterlogged, the air spaces fill with water and the soil 
becomes anaerobic. Minerals like those of iron, sulphur 
and nitrogen will tend to exist in their reduced states (Fe?*, 
sulphide, sulphite, nitrite) and may trap any oxygen that 
becomes available by becoming oxidised. The soil will 
become acidic because anaerobic organisms continue to 
produce carbon dioxide. Humus turnover is reduced, so 
humic acids also accumulate. Unless the soil is rich in bases 
it may become extremely acidic and this, like the oxygen 
depletion, adversely affects the soil micro-organisms. 
Changes in the oxidation state of iron affect the colour of 
the soil. The oxidised form of iron, Fe**, imparts yellow, 
red and brown colours while the reduced form, Fe?*, gives 
the grey colour characterstic of waterlogging. A prolonged 
period of anaerobic conditions will result in plant death. 
The method of determining the air content of a soil sample 
is described in experiment 13.3. 


Water content 

Some water is retained around the soil particles, while the 
remaining water, sometimes called gravitational water (fig 
12.17), is free to drain downwards through the soil. The 
latter is important in causing the phenomenon known as 
leaching, which is the washing-out of minerals, including 
nutrients. The level to which gravitational water drains is 
called the water table and this may fluctuate in depth 
depending on rainfall. 

Water may be retained as a thin, tightly bound film 
around individual colloidal particles. This is sometimes 
called hygroscopic water (fig 12.17). It is adsorbed by 
hydrogen bonding, for example, to the surfaces of silica 
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soil particle 


-hygroscopic water 


— capillary water 
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Fig 12.17 Three types of soil water 


and clay minerals or to the cations that are associated with 
clay minerals and humus. It is the water least available to 
plant roots and is the last water to remain in very dry soils. 
The amount present depends on the colloidal content of the 
soil and is therefore much greater in clay soils (about 1596 
by weight) than in sandy soils (about 0.596 by weight). 

As water layers build up around soil particles, water 
begins to fill the finer pores between soil particles and 
spreads to larger and larger pores. The hygroscopic water 
grades into capillary water which is the water held round 
soil particles by surface tension (fig 12.17). This is the water 
that can move upwards through fine pores and channels 
from the water table by capillarity, a phenomenon caused 
by the high surface tension of water. Capillary water is 
easily utilised by plants and is their most important regular 
supply of water. It is easily lost by evaporation, unlike 
hygroscopic water. Fine-textured soils like clays hold more 
capillary water than coarse-textured soils like sands. 

The total amount of water that can be retained by a soil 
(determined by adding water until it drains out and then 
stops dripping) is called the field capacity (section 13.1.1). 

Water is required by all living organisms in the soil, and 
enters living cells by osmosis (section 14.1). It is also 
important as a solvent for nutrients and respiratory gases 
which are taken up from an aqueous solution by plant 
roots. It contributes to the weathering process of parent 
rocks in ways described in the next section. 


12.4.2 Formation of soil 


Soil is formed as a result of the interaction of 
many variables, the five most important of which are 
climate, parent material (geology), topography (relief or 
surface morphology), organisms, and time. These are 
considered separately below. 


Climate and weathering 


Weathering is the action of climate and, to a lesser extent, 
living organisms in bringing about the physical and 
chemical breakdown of the parent rock or material. The 
two most important factors in weathering are water and 
temperature and so it is most conveniently dealt with in the 
context of climate. The more general influence of climate 


on soil formation will be described after weathering. 

Physical weathering can be caused by temperature 
changes, as when rocks alternately expand and contract in 
response to diurnal (daily) changes in temperature. This 
process causes rocks to shatter. If water is present in the 
cracks and alternate freeze and thaw cycles occur, the 
expansion of ice can cause tremendous pressures to build 
up. also shattering the rock, Other causes of physical 
weathering are particles of various sizes like sand, which, 
when carried by wind, water or glaciers, scour exposed 
surfaces, 

Chemical weathering may be influenced by biological 
and climatic factors. It is generally accelerated by higher 
temperatures, Water acts as a solvent and also as a reagent 
in the hydrolysis of certain rock minerals. Rocks which are 
slightly water soluble, such as the calcium carbonate of 

halk and limestone, are particularly liable to erosion by 
solution. The effectiveness of water may be increased when 
carbon dioxide from the atmosphere, or from the respira- 
hon of soil organisms, dissolves to form the dilute acid 
carbonic acid. Lichens are among the few living organisms 
that can grow on bare rock surfaces, and they contribute to 
hemical erosion by extracting certain nutrients from 
weathering rocks, 
\s with weathering, temperature and precipitation (such 
rainfall and snowfall) are the two key climatic factors 
operating. The amount of precipitation is particularly 
important. If it exceeds evaporation, the soil may be 
subject to leaching, or if drainage is poor to waterlogging. 
|| evaporation exceeds precipitation, capillarity will occur 
irom the water table and movement of soluble materials 
will be in a predominantly upward direction, again 
//ecting the nature of the soil that develops. A dry climate 


will result in sparse vegetation cover which, in turn, 
reduces humus production. Soils may be less acidic as a 
result. Lack of water also inhibits chemical weathering and 
leaching. 

Some of the effects of climate are shown in the summary 
diagram of fig 12.18. 


Parent material 


All rocks can be traced back in origin to the solidification of 
molten magma which was released from below the Earth's 
crust. The rocks formed directly by the cooling of this 
magma are called igneous rocks, and may be acidic, such as 
granite, or basic, such as basalt, according to their mineral 
composition. When acid rocks weather, a high proportion 
of silicon remains as SiO;, or quartz, which is seen as sand 
grains. When basic rocks weather, however, much of the 
silicon is present in a rich variety of silicates which pass 
through various sequences of weathering, giving rise to the 
different minerals of silt and clay. 

Sedimentary rocks are formed by the deposition of 
material derived from the weathering of other rocks, or 
from the remains of living organisms. The material 
accumulates and becomes compacted, possibly over mil- 
lions of years. Typical sedimentary rocks are sandstones, 
chalk and limestone, and their effect on soil development is 
described in section 12.4.3. 

Metamorphic rocks are rocks which have been changed 
after their formation by periods of heating and recrystal- 
lisation, such as slate and marble. They are generally more 
resistant to weathering than other rocks. 

Finally, some soils develop on transported materials 
such as wind-blown sand, alluvial deposits and glacial 
moraines. The influence of parental material here is 
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Fig 12.18 Interactions of the four direct 
which is not included 


agents of soil formation. Note the major influence of climate. Time is a fifth, indirect factor 
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obviously related to the original parent rock from which 
these materials were derived. 
Topography 

Topography, or relief, exerts its influence chiefly through 
altitude, steepness of slope and aspect. These affect local 
climate and drainage. Drainage is generally better on 
slopes, getting progressively poorer towards lowland and 
valley bottoms where peats may develop if soils are 
permanently waterlogged. On slopes, a certain proportion 
of water will be lost as run-off and this causes losses of 
weathered rock and soil. Soils on slopes tend to be thinner 
as a result. Soil is also lost as it creeps slowly downhill in 
response to gravity. This process is called solifluction and 
leads to the accumulation of soil on lower slopes. 
Vegetation cover may limit these processes. 

Climatic factors such as precipitation and temperature 
are affected by topography, which thereby indirectly 
influences the soil-forming process. Aspect can be an 
important factor as well as altitude in influencing the 
climate. Temperatures are higher on the sunnier aspects, 
resulting in faster soil development, drier soils and often 
influencing the vegetation, Windward slopes are generally 
wetter than leeward slopes. 


Organisms 


Organisms contribute the organic part of the soil (litter and 
humus), the physical and chemical properties of which 
have been described already. 

Vegetation may influence the development of soils as 
well as climate and parent material. There is some 
evidence, for example, that podzols (section 12.4.3) are 
more likely to form under heath and coniferous forest 
communities than under deciduous forest communities. 
This is probably related to the nature of the chemicals 
leached from the plant litter and their inhibiting effects on 
decomposition by soil micro-organisms. Also, the acid 
litter of heaths and pine forests is unfavourable for 
earthworms, unlike that of deciduous forests. 

The activity of soil detritivores, particularly earthworms 
in temperate regions, is important in a number of ways, and 
these in turn are influenced by vegetation. In general, 
detritivores speed up the process of decomposition by 
breaking up and increasing the surface area of litter. In 
addition, their faeces and excretory products contribute to 
the volume of processed organic and inorganic material. 
Soil, in passing through the gut of an earthworm, is made 
finer in texture and the mineral and organic components 
are mixed in a way that improves the structure of the soil. 
Earthworm burrows improve aeration and provide pas- 
sages for root growth. Similarly, burrowing vertebrates 
such as moles and rabbits improve soil mixing and aeration. 


Influence of Man. The delicate and dynamic 
balance of a mature soil is potentially at risk when Man uses 
soil for agricultural purposes, and in many cases destruc- 
tion of soil structure, depletion of nutrients and soil erosion 
have been the consequences. 
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Soil structure is particularly at risk when heavy agricul- 
tural machinery is used for working the land, soil 
compaction having a number of consequences such as 
reducing pore size and hence reducing aeration and 
drainage. Soil compaction may also be caused by large 
numbers of livestock. Repeated use of the soil, particularly 
for the same crops, may reduce the levels of important 
nutrients. Ploughing soil may increase its erosion by wind 
and water, particularly on slopes. Similarly, removal of a 
protective layer of vegetation through overgrazing by 
livestock, or by forest clearance, can expose soil to greater 
erosion. Clearance of tropical rain forest can have very 
serious consequences on the thin soils typical of such 
regions. On bare soil there is increased surface run-off 
which may not only increase soil erosion but also wash out 
soil nutrients. The consequences for Man are a decreased 


soil fertility, and in some extreme cases a change towards 
barren conditions is triggered resulting in a large drop in 
productivity of the ecosystem. For example, in some areas 
of Malaya and parts of the Brazilian Amazon there has 


been massive erosion accompanied by silting of rivers. Soil 
management is therefore one of the key areas of interest to 
agriculturalists and soil scientists. 


Time 
Time has an indirect but important influence on soil 
formation. The rate of formation is very variable, from a 
few decades on volcanic ash to several thousand years 
starting from a bare rock surface in a temperate climate. 
Over geological periods of time, climatic and topographic 


changes occur which in turn influence soil development. 


To summarise, it should be stressed again that the 
soil-forming factors mentioned do not act in isolation. 
Each, apart from time, has a direct effect on soil formation, 
but may also act indirectly by influencing the other factors. 
Fig 12.18 summarises the interactions of these factors. 


12.4.3 Types of soil 


Soils have been shown to be the products of 
the interaction between the biotic and abiotic components 
of the ecosystem. As a result they show great complexity 
and variety, and they are very difficult to classify. Of the 
many soil types that have been recognised and described, 
three very different types which are found in moist 
temperate zones like Britain are chosen here as examples, 
namely podzols, brown earths and rendzinas. Soils can be 
examined by digging soil pits or using a soil auger as 
described in section 13.1.1. There is a standard nomencla- 
ture for the characteristic layers or horizons seen when à 
soil is viewed in profile. The nomenclature for freely 
drained soils, such as the three examples chosen, is shown 
and explained in fig 12.19. 


A horizon 

eluviated horizon, i.e. one 
from which minerals tend to 
be washed out 


B horizon 

illuviated horizon, i.e. one 
which tends to collect 
nutrients 


C horizon 
weathered parent material 


D horizon 
parent material (bedrock) 


-fresh organic litter 
fermentation layer - partly decomposed litter 
humus (dark brown to black) 
mixed humus = mineral horizon near surface 


eluviated (leached) acid horizon 
(alternatively E, if leached and basic) 
variable 


iron-enriched layer, but exact composition 
variable 


horizon enriched with oxides of iron and 
aluminium 


Fig 12.19 (above) Generalised profile for a typical, freely drained soil showing the nomenclature used for soil horizons 


Fig 12.20 (below) Profile of a podzol 


HORIZONS 


B, 


APPEARANCE 


litter - plant and animal remains, relatively 
~~ deep (1-5 cm), loose and spongy 
dark brown, decomposers active 


black humus layer, acidic mor 


dark brown-grey layer, 
stained by leached humus | teached layer 
LL —  ash-grey 

humus-rich layer (soft) 


iron pan (hard), dark brown-orange colour 


eee 


iron-enriched layer, orange (red to brown), 
cemented sand, nutrient enriched particularly 
with cations Na *, K + , Ca? + 


depth to C horizon variable, typically 


Podzols 


The name originates from the Russian words pod, meaning 
under, and zola, meaning ash, and a typical profile is shown 
in fig 12.20. 

Podzols are characteristic of sandstone, gravel deposits 
(from glacial drift) and alluvial deposits, andare associated 
mainly with heathland and coniferous forests in cool, 
humid climates. The litter layer is deep as it contains 
materials with a high concentration of phenols, such as 
conifer *needles', which are resistant to microbial decay. 


weathered parent material, usually sand or 
— 7 gravel 


80-120 cm 


The calcium content of the soil is low so conditions are too 
acidic (pH 3-6.5) to support significant numbers of 
earthworms and other animals which ingest soil, Hence 
decay of the litter is mainly carried out by fungi, which is a 
relatively slow process, and results in a deep acidic humus 
layer, known as mor, which remains quite separate from 
the lower layers. 

The E, horizon is characteristically ash grey in colour and 
stands out clearly from the layers above and below. It 
consists mainly of separate grains of sand and is heavily 
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leached, and hence nutrient deficient, as a result of either 
(or both) very high precipitation and very pervious 
bedrock. Organic acids from the humus contribute to the 
leaching process by carrying cations down through the soil. 

Beneath the leached layer collect the iron, humus and 
other materials that have been washed down through the 
soil. Humus and iron oxide may cement into a ‘hard pan’ or 
‘iron pan’ which may be so hard and thick that it prevents 
the penetration of roots to the layers below. Between the 
pan and the parent rock is a nutrient-rich layer where the 
leached materials accumulate. 

The leached layer, in which most of the plant roots grow, 
is acidic (pH 3-4) and low in nitrates and other plant 
nutrients. Podzols are therefore relatively infertile soils. 
Much of the nutrient in a coniferous forest is present in the 
biomass of trees and litter rather than in the soil. Cycling of 
nutrients and decomposition are slow. Such soils tend to be 
a dominant factor in determining the vegetation of an area 
because they favour acid-loving plants (calcifuges). There 
are relatively few calcifuge species and these include many 
typical heathland species such as the heathers (Calluna 
vulgaris, Erica tetralix, Erica cinerea), heath bedstraw 
(Galium saxatile), sheep's sorrel (Rumex acetosella) and 
Rhododendron. 


Brown earths (brown forest soils) 


Brown earths have a relatively simple appearance in 
profile, consisting of uniform brown or dark brown A and B 
horizons which grade inconspicuously into each other (fig 
12.21). They are associated with temperate deciduous 
forests, often in warmer areas of lower altitude than the 
coniferous forests and podzols. Decomposition rates are 
greater than on podzols owing to the higher temperature 
and lower resistance of deciduous leaves to decomposition, 
so there is a faster turnover of litter. This layer is usually 


HORIZONS 


shallow as the soil is rich enough in calcium (giving a pH of 
4.5-8) to support large numbers of organisms, such as 
earthworms, which mix the top layers of soil. The humus 
formed is of the type known as mull. Nutrient richness 
increases towards the B horizon (as in podzols). The 
absence of a pan means that plant roots have unrestricted 
access to the deeper, more nutrient-rich layers and the soils 
are generally relatively fertile. They weather to a loamy 
texture. 


The mineral nutrient content of deciduous forest 
biomass and of the soil is higher than in coniferous forest 
and there is a more rapid cycling of nutrients. 

Rendzinas 
The name originates from the Polish word rzec c, to 
tremble, as the soil is shallow and implement: d in 
farming strike the rock below. 

Rendzinas are very shallow soils consisting of a i (| dark 
brown or black calcium-rich layer covering a calcareous 
bedrock (fig 12.22). They are characteristic of limestone 
and chalk. 

Climate has little influence on their development and 
they are therefore found in a wide range of . matic 
conditions. Chalk and limestone generally form hills (such 
as the Downs and Cotswolds) since, being very per: cible, 
water tends to penetrate the rock rapidly rather than (orm 
streams and cause erosion. 

Rendzinas generally form steep slopes where the soil 
remains, in effect, permanently underdevelop | due 
mainly to soil creep. The rapid water penetration e soil 
means that over a period of time the calcareous material, 
which is slightly soluble, is leached out, leaving behind any 
siliceous material in the surface layer of the soil. Tho» is no 
B horizon and no definite layers can be distingui«! The 


important features of the soil from a biological viewpoint 


APPEARANCE 
litter - relatively shallow 


dark brown, humus-containing 


Fig 12.21 Profile of a brown earth 
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paler brown with some leaching 


finer-textured brown soil 


weathered parent rock 


HORIZONS 


Fig 12.22 Profile of a rendzina 


its high calcium carbonate content (up to 80%), which 
gives it a basic character with a pH value greater than 8.0, 
and its rapid drainage which causes drying out. Plants 
growing on rendzinas are, therefore, usually specialised for 
reducing water loss and for making maximum use of 
available water, often possessing laterally extensive roots 
or deep roots which penetrate the bedrock. Some plants 
thrive particularly well in conditions of high pH and are 
called caleicoles. Examples are Clematis (traveller's joy or 
old man’s beard), milkwort (Polygala calcarea), wild 
marjoram (Origanum vulgare) and basil-thyme (Acinos 
arvensis). Rendzinas generally have a relatively rich flora. 
Like podzols, they are an example of a soil which has a 
particularly strong influence on the biotic component of the 
ecosystem. 


12.4.4 Climatic factors 


The chief climatic variables in an ecosystem 
are light, temperature, water availability and wind. Their 
effects on soil formation have already been described in 
section 12.4.2 and their direct effects on the biotic 
component of the ecosystem are described below. 


Light 


As the source of energy for photosynthesis light is essential 
for life, but it influences living organisms in many other 
ways. In considering its effects it is useful to remember that 
the intensity, quality (wavelength or colour), and duration 
(photoperiod) of light can all have different effects. 
Light intensity is affected by the angle of incidence of the 
Sun’s rays to the surface of the Earth. This varies with 
latitude, season, time of day and aspect of slope. 


APPEARANCE 


litter 


dark brown to black organic and 
calcareous layer 


Photoperiod or daylength is a more or less constant 12 h 
at the equator but at higher latitudes it varies seasonally, 
Plants and animals of higher latitudes typically show 
photoperiodic responses that synchronise their activities 
with the seasons, such as flowering and germination of 
plants (section 15.4), migration, hibernation and reproduc- 
tion of animals (section 16.8.5). 

The need for light by plants has an important effect on 
the structure of communities. Aquatic plants are confined 
to surface layers of water and in terrestrial ecosystems 
competition for light favours certain strategies such as 
gaining height through growing tall or climbing, and 
increasing leaf surface area. In woodland this results in 
stratification as explained in section 12.5.1. 

Some of the major processes in which light is involved, 
and which are discussed in other chapters, are summarised 
in table 12.5. 


Temperature 
The main source of heat is the Sun's radiation, with 
geothermal sources being important only in a minority of 
habitats, such as the growth of bacteria and blue-green 
algae in hot springs. 

A given organism will survive only within a certain 
temperature range for which it is metabolically and 
structurally adapted. If the temperature of a living cell falls 
below freezing, the cell is usually physically damaged and 
killed by the formation of ice crystals. At the other 
extreme, if temperatures are too high, enzymes become 
denatured. Between the extremes enzyme-controlled reac- 
tions, and hence metabolic activity, double in rate with 
every 10°C rise. Most organisms are able to exert some 
degree of control over their temperatures by a variety of 
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Table 12.5 Major processes of plants and animals in which 
light is involved. 


Photosynthesis (see chapter 9 and section 12.3.4) 
On average 1-5% of the radiation incident on plants is used in 
photosynthesis 
Source of energy for rest of food chain 
Light is also needed for chlorophyll synthesis 


Transpiration (see section 14.3) 
About 75% of the radiation incident on plants is wasted in 
causing water to evaporate thereby causing transpiration 
Important implications for water conservation 


Photoperiodism (see sections 15.4 and 16.8.5) 
Important for synchrony of plant and animal behaviour (par- 
ticularly reproduction) with seasons 

Movement (see section 15.1 and chapter 17) 
Phototropism and photonasty in plants; important for reaching 
light 
Phototactic movements of animals and unicellular plants; 
important for locating suitable habitat 


Vision in animals (see section 16.5) 
One of the major senses 


Other roles 
Synthesis of vitamin D in Man 
Prolonged exposure to ultra-violet damaging, particularly to 
animals, therefore pigmentation, avoidance behaviour, etc. 


responses and adaptations so that extremes and sudden 
changes of environmental temperature can be ‘smoothed 
out' (sections 18.3 and 18.4). Aquatic environments 
undergo less extreme temperature changes, and therefore 
provide more stable habitats, than terrestrial environments 
owing to the high heat capacity of water. 

As with light intensity, temperature is broadly depen- 
dent on latitude, season, time of day and aspect of slope. 
However, local variations are common, particularly in 
microhabitats, which have their own microclimates. 
Vegetation usually has some microclimatic effect on 
temperature, as in forests (section 12.5.3) or on a smaller 
scale within individual clumps of plants or the shelter of 
leaves and buds of individual plants. 


Moisture and salinity 

Water is essential for life and is a major limiting factor in 
terrestrial ecosystems. It is precipitated from the atmos- 
phere as rain, snow, sleet, hail or dew. There is a 
continuous cycling of water, the hydrological cycle (section 
12.4.6), which basically governs water availability over 
land surfaces. For terrestrial plants water is absorbed 
mainly from the soil. Rapid drainage, low rainfall and high 
evaporation, or a combination of these factors, can result in 
dry soils, whereas the opposite extremes can lead to 
permanent waterlogging. The amount of water in the soil 
therefore depends on the water-retaining capacity of the 
soil itself, and the balance between precipitation and the 
combined effects of evaporation and transpiration (evapo- 
transpiration), evaporation taking place from the surface 
of wet vegetation as well as from the soil surface. 

Plants can be classified according to their ability to 
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tolerate water shortage as xerophytes (high tolerance), 
mesophytes (medium tolerance) and hydrophytes (low 
tolerance/water-adapted). Some of the xeromorphic 
adaptations will be discussed in section 14.3.7 with 
transpiration and in section 19.3.2, and are also summa- 
rised in table 12.6. Similarly, terrestrial animals show 
adaptations for gaining and conserving water, particularly 
in dry habitats (see section 19.3.4 and table 12.6) 
Aquatic organisms also have problems of water regula- 
tion (section 19.4.6). Salinity of water is relevant, as a 


comparison between freshwater and marine spevies will 
reveal. Relatively few plants and animals can withstand 
large fluctuations in salinity. Those that can ar« usually 


associated with estuaries or salt marshes, such as snail 


Hydrobia ulvae which can survive a range of salin: cs from 
50-1 600 mmol dm~? of sodium chloride. Salinity «y also 
be relevant in terrestrial habitats; if evaporation exceeds 
precipitation soils may become saline and this is ;»blem 
in some irrigated areas. 
Atmosphere 

The atmosphere is a major part of the ecospher: which 
it is linked by a number of biogeochemical cy which 
have gaseous components, principally the carbon, nitro- 
gen, oxygen and hydrological cycles. Its physical p: operties 
are also of importance, for its low resistance to | ment 
and lack of physical support for terrestrial orga: ms has 
had a direct influence on their structure and, in | dition, 
several animal groups have exploited flight as : ins of 
locomotion. The atmosphere, like the oceans, is constantly 
circulating. This is a mass flow phenomenon, the er -rgy for 
which comes from the Sun. 

On a large scale, atmospheric circulation is p^: cularly 
relevant to the distribution of water vapour bec: se this 


can be picked up locally (by evaporation), carrie. Hy mass 


flow in moving air masses and deposited lly (by 
precipitation). If the release of other gases :nto the 
atmosphere is local, for example pollutant gases such as 
sulphur dioxide from industrial areas, then the pattern of 
atmospheric circulation will affect their distribution and 


e#entual precipitation as solutions in rainfall. 

Wind can interact with other environmental variables to 
affect growth of vegetation, particularly trees in exposed 
places, where they may become stunted and distorted on 
their windward sides. Wind is also important in increasing 
evapotranspiration under conditions of low humidity. 

Dispersal of spores, seeds, and so on through the 
atmosphere, aided by wind, increases the spread of 
non-motile organisms like plants, fungi and some bacteria. 
Winds may also influence the dispersal or migration of 
flying animals. 

Another atmospheric variable is atmospheric pressure, 
which decreases with altitude. This reduces oxygen 
availability and affects animals as described in section 
11.8.1, and increases transpiration from plants, the latter 
resulting in adaptations to conserve water, as, for example, 
those shown by many alpine plants. 
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Table 12.6 Adaptations of plants and animals to dry conditions. 


Reducing water loss 
Leaves reduced to needles or spines 
Sunken stomata 
Leaf rolls into cylinder 
‘Thick waxy cuticle 
Swollen stem with large volume to surface area ratio 
Hairy leaves 
| cat-shedding in drought 
Stomata open at night, close during day 
Eincient carbon dioxide fixation at night with partial opening of 
stomata 
Uic acid as nitrogenous waste 
i» loop of Henlé in kidneys 
| sues tolerant of high temperatures, reducing sweating or 
ispiration 
Burrowing behaviour 
tiracles covered with flaps 
casing water uptake 
tensive shallow root system and deep roots 
ong roots 
urrow for water 


Water storage 
nucilaginous cells and cell walls 
s ipecialised bladder 
fat (water is a product of oxidation) 
Pivsiological tolerance of water loss 
parent dehydration can occur without death 


oss of high proportion of body mass with rapid recovery when 
iter is available 


asion 

ss unfavourable season as seed 

ss unfavourable season as bulbs or tubers 

ed dispersal, with some reaching more favourable conditions 
cape behaviour 

estivation in mucus-containing sheath 


Examples 


Cactaceae, Euphorbiaceae (spurges), conifers 
Pinus, Ammophila 

Ammophila 

Leaves of most xerophytes; insects 

Cactaceae and Euphorbiaceae (‘succulents’) 
Many alpine plants 

Fouquieria splendens (ocotillo or candle plant) 
Crassulaceae (stonecrops) 

C, plants, e.g. Zea mais 


Insects, birds and some reptiles 
Desert mammals, e.g. camel, desert rat 
Many desert plants, camel 


Many small desert mammals, e.g. desert rat 
Many insects 


Some Cactaceae, e.g. Opuntia, and Euphorbiaceae 
Many alpine plants, e.g. Leontopodium alpinum (edelweiss) 
Termites 


Cactaceae and Euphorbiaceae 
Desert frog 
Desert rat 


Some epiphytic ferns and clubmosses, many bryophytes and 
lichens, Carex physiodes (sedge) 
Lumbricus terrestris (70% loss of body mass), camel (30% loss) 


Californian poppy 
Some lilies 


Soil organisms, e.g., mites, earthworm 
Earthworm, lungfish 
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O'Leary Peak 


timberline zone 


spruce zone 


Fig 12.23 Zonation of vegetation on San Franci: 
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Microclimates 


The particular climatic conditions associated with a habitat 
or microhabitat may be different from those of surrounding 
areas and are known as microclimates. An understanding 
of microclimates and microhabitats is important to an 
understanding of the complexity of ecosystems. One 
example will serve to illustrate the general principle. A 
group of crustaceans known as isopods (woodlice and 
related forms) contains species such as Porcellio which are 
confined to the moist air of leaf litter and other species such 
as Armadillidium which are able to withstand drier 
conditions and wander more freely. 


12.4.5 Topography 


The influence of topography is intimately 
connected with the other abiotic factors since it can 
strongly influence local climate and soil development, as 
already discussed. 

The main topographic factor is altitude. Higher altitudes 
are associated with lower average temperatures and a 
greater diurnal temperature range, higher precipitation 
(including snow), increased wind speeds, more intense 
radiation, lower atmospheric pressures and reduced gas 
concentrations, all factors which have an influence on plant 
and animal life, As a result, vertical zonations are common, 
as shown in fig 12.23. 

Mountain chains can act as climatic barriers. As air rises 
over mountains it cools and precipitation tends to occur. 
Thus a rain ‘shadow’ occurs on the leeward side of the 
mountains where air is drier and precipitation is less. This 
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affects the ecosystems. Mountains also act as barriers to 
dispersal and migration and may play important roles as 
isolating mechanisms in the process of speciation as 
described in section 25.7. 

Another important topographic factor is aspect. In the 
northern hemisphere south-facing slopes receive more 
sunlight, and therefore higher light intensities and temper- 
atures, than valley bottoms and north-facing slopes (the 
reverse being true in the southern hemisphere). This has 
striking effects on the natural vegetation and on land use by 
Man. 

Steepness of slope (inclination) is a third topographic 
factor. Steep slopes generally suffer from faster drainage 
and run-off and the soils are therefore thinner and drier, 
with more xeromorphic vegetation. At slope angles in 
excess of 35° soil and vegetation are typically unable to 
develop, and screes of loose material form. 


12.4.6 Biogeochemical cycles 


Biogeochemical cycles are the cycles that 
different chemical elements undergo in passing through 
living organisms and circulating back through the physical 
environment. Like edaphic factors they are best viewed as 
a link between the biotic and abiotic components of 


ecosystems. The six elements considered here, which are of 
major importance for life, are carbon, hydrogen, oxygen, 
nitrogen, phosphorus and sulphur. The cycles of all except 


hydrogen have been described in section 9.11. 
The source of hydrogen is water (H,O) in which it is 
chemically combined with oxygen. Water is important not 
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Fig 12.24 The hydrological cycle and water storage. (Based 
on R. J. Chorley & P. Haggett (eds.) (1967) Physical and 
information models in geography, Methuen.) 
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only as a source of hydrogen (via photosynthesis) but as a 
chemical in its own right, being a constituent of living cells, 
a climatic factor and an environment for aquatic organisms. 
The cycling of water is known as the hydrological cycle. 
Water may exist in gaseous, liquid and solid forms within 
the cycle, as shown in fig 12.24. 

A summary of the carbon, nitrogen, oxygen and water 
cycles is given in fig 12.25. 

Of the six elements mentioned, carbon, hydrogen and 
oxygen are readily available in ecosystems. Nitrogen, 
phosphorus and potassium have been found to have the 
greatest effects on increasing yields of crop plants and are 
the three elements added in largest quantities in the 
fertilisers used in agriculture. Nitrogen and phosphorus 
have, as a result, been the major cause of the increased 
eutrophication that has affected lakes in countries where 
intensive agriculture is practised. Eutrophication is a 
process of nutrient enrichment which is a natural phe- 
nomenon in lakes as rivers bring in nutrients from the 
surrounding drainage areas. However, it normally takes 
place slowly over thousands of years. Unnatural eut- 
rophication, leading to a sudden increase in the productiv- 
ity of lakes, occurs as a result of run-off from agricultural 
land which may be enriched with nutrients from fertilisers. 
Two other sources of phosphorus are also important, 
namely sewage and detergents. Both raw and treated 
sewage are rich in phosphates (unless the latter is specially 
treated), and domestic detergents contain between 15 and 
60% phosphate which is biodegradable. The consequences 
of rapid eutrophication are discussed in section 3.2.8, but 
briefly the end-result is oxygen depletion and death of most 
living organisms in the lakes and sometimes, in extreme 
cases, in rivers. 


12.5 


Community ecology and 
ecological succession 


A community is a group of interacting popula- 
tions living in a given area, and represents the living part of 
an ecosystem. It functions as a dynamic unit with trophic 
levels, a flow of energy and a cycling of nutrients through it 
as described in section 12.3. 

Some of the interactions have also been mentioned in 
section 12.3, such as predator-prey relationships (includ- 
ing grazing) and parasitism. Others may exist, such as 
symbiosis (section 2.3.3) and competition (section 12.6.6). 

The structure of a community is always built up over a 
period of time. An example which can be used as a model 
for the development of a community is the invasion and 
colonisation of bare rock, as on a recently created volcanic 
island. Trees and shrubs cannot grow on bare rock since 
there is insufficient soil. Algae and lichens, however, can 
invade and colonise such areas, coming in by various 
methods of dispersal and forming the pioneer community. 
The accumulation of dead and decomposing organisms, 
and the erosion of rock by weathering, leads to the 
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accumulation of sufficient soil for invasion and colonisation 
by larger plant species such as mosses or ferns. Ultimately 
these plants will be succeeded by even larger and more 
nutrient-demanding plants such as seed-bearing plants, 
including grasses, shrubs and trees. Fig 12.26 shows a 
typical succession. 

Such replacement of some species by others through 
time is called an ecological succession. The final stable and 
self-perpetuating community, which is in equilibrium with 
its environment, is called the climax community. The 


animals of such a community will also have shown a 
succession, to a large extent dictated by plant 
succession, but also being influenced by what aninyals are 
available to migrate from surrounding commun 

The type of succession described above, in whic! here is 
an initial colonisation of bare rock or other surfac: lacking 
organic soil, such as sand dunes or glaciated su es, is 
called primary succession. Secondary succession iid to 
occur when the surface is completely or largely « led of 
vegetation but has already been influenced living 
organisms and has an organic component, fo: iple a 
cleared forest or a previously burned or farmed : seeds 
and spores and organs of vegetative reproduction such as 
rhizomes, may already be present in the groun: | thus 
influence the succession. In both primary and ndary 
succession the flora and fauna of surroundin; IS are 
major factors influencing the types of plants at imals 
entering the successions through chance dis] | and 


migration. 


12.13 What factors are likely to a’. ihe 
number and diversity of species reaching an. «a? 


The complete succession is sometimes called e, the 
sere being made up of a series of seral communi; (seral 
stages). Seres of particular environments tend follow 
similar successions and may therefore be classifi cord- 
ing to environment; for example a hydrosere dev sinan 
aquatic environment as a result of the colonisation of open 
water and a halosere develops in a saltmarsh. 

The climax community is often described as having one 
dominant or several co-dominant species. The term 
dominance is rather subjective but normally refers to those 


species with the greatest collective biomass or productivity, 
although physical size of individuals is also usually 
considered important. In practice, however, the concept of 
dominance is often of little value, as will become apparent 
in section 12.5.2. 

The idea of succession was first discussed in detail in 1916 
by Clements, who studied communities in North America 
and came to the conclusion that climate is the dominant 
factor in determining the composition of the climax 
community. His view, known as the monoclimax hypo- 
thesis, was that only one climax community was ultimately 
possible for a given climate, and this was called the climatic 
climax community. Any interruption in the progression 
towards this climax caused by local conditions of topo- 
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Fig 12.26 A typical terrestrial succession 


graphy, microclimate, land use, and so on might still lead to 
stable community, but this could not be regarded as a 
limax because, in the long term, climatically determined 
ors should lead to the theoretical climax. Mountains 
| hills, for example, would gradually be eroded away 
willy consequent changes in community structure. The 
e modern concept is that of the polyclimax, which is a 
nax influenced by all physical factors, one or several of 
h may be dominant, such as drainage, soil, topography 
ncidence of fire. The community is regarded as a true 
nax community if it is ‘stable’ with respect to time. Any 
nge occurring is relatively slow compared with the time 

en to establish the climax through succession. 


Zonation 


ithin a community at any one time species may be 
:tially distributed according to variations of the physical 
‘vironment. This is called zonation. A good example is 
‘© zonation of seaweeds and marine animals that occurs 
| rocky shores from low-tide to high-tide level and into 
` splash zone. Physical conditions vary through these 
ies, notably length of exposure to air between successive 
les, and each zone is occupied by species adapted for its 
ticular conditions. Zonation on a seashore is described 
ud illustrated in section 13.4. Another good example of 
onation is the vertical zonation that occurs on mountains 
vith increasing altitude (fig 12.23). Superficially zonations 
may resemble successions, but it is important to recognise 
he basic difference, namely that with zonation the species 
vary in space (spatially), whereas with succession the 
species vary in time (temporally). 


12.5.1 Examples of natural and man-made 
climax communities in Britain 


As a result of pollen analysis it has been 
possible to build up a picture of vegetational changes in 
Britain since the end of the last Ice Age about 10 000 years 
ago. At the beginning of the Neolithic period, about 4 000 
years ago, much of lowland Britain was covered with a 
climax community that was forest, predominantly oak. 
Neolithic Man introduced agriculture and large-scale 
clearing of forest for the first time. He cultivated mainly the 
drier upland areas, such as the chalk of the South Downs 
and the limestone of the Cotswolds. The areas were 
reduced to grassland for grazing and were sometimes tilled 
for crops. By the Iron Age there appears to have been fairly 
extensive cultivation and grazing of these areas. A typical 
climax community of, for example, Roman times (when 


Britain was in the late Iron Age) would have been a 
lowland forest with oak as the dominant species and 
herbivores such as deer, omnivores such as bears, and 
carnivores such as wolves and lynxes. The Weald (the area 
between the North and South Downs) and the Midland 
Plain are examples of areas that were covered with such 
forests. Pine and birchwoods would have occupied poorer, 
sandier soils and higher altitudes. Ash and beech were 
common on limestone and chalk hills. 

Cultivation spread from the hills to the more fertile and 
easily worked lowland soils. There has been a progressive 
clearing of natural forest and increasing interference in 
natural communities until the present day, when there are 
only a few ‘relic’ woodlands left that can be regarded as 
completely natural. As a result, some of the apparently 
natural vegetation that occurs today is not a natural climax 
vegetation but a man-made climax or a ‘sub-climax’ 
(sometimes called a plagioclimax). Two good examples are 
chalk grassland and lowland heaths. 

Much of the vegetation of chalk hills, such as the North 
and South Downs, is described as grassland and is notable 
for the rich variety of its flowers, many of which, like 
certain orchids, are relatively rare. The vegetation could be 
regarded as a biotic climax because the dominant influence 
in maintaining its stability has been the biological effects of 
grazing. Sheep and cattle were the dominant herbivores 
and, since its introduction by the Normans, the rabbit. 
Rabbits became a serious pest on parts of the chalk downs 
by cropping the grass too short for use by other herbivores, 
but in 1953 the viral disease myxomatosis was ‘accidentally’ 
introduced into England. The disease spread so rapidly 
through the rabbit populations of Britain that by the end of 
1955 the rabbit population had decreased by 90%. The 
disease still recurs at intervals and the rabbit population is 
still much smaller than formerly. As a result of the 
reduction of both rabbit and domestic grazing, young 
saplings of shrubs and trees survived. This, and possibly 
other factors, mean that regeneration of woodland is now a 
‘problem’ in some areas where conservationists are trying 
to preserve the chalk grassland. The typical regeneration 
sequence (really a secondary succession) is through scrub 
in which shrubs dominate (such as bramble, hawthorn, 
dogwood, juniper and blackthorn) to a climax consisting of 
beech woodland. Beech is able to dominate oak in the drier 
chalk soils and is particularly characteristic of the steeper 
slopes. It is a good competitor partly because it shades out 
other species. On gentler slopes with deeper, moister soils, 
ash may precede beech in the succession and on heavier, 
wetter clay soils, oak is a better competitor than beech and 
becomes dominant. Here, then, the edaphic factor is 
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important in the succession. Fig 12.27a summarises a 
succession from chalk grassland to woodland in south-east 
England. 

Fig 12.27b shows a succession from heath to woodland. 
Lowland heaths also tend to be associated with a particular 
soil type, being typical of acid, sandy soils. Like chalk 
grassland, they are also a man-made climax. In the past 
they were used for grazing by horses, cattle, pigs and 
rabbits, the dominant plants being heathers, particularly 
ling (Calluna vulgaris). The heath was managed by burning 
off older heaths to allow regeneration of young succulent 
shoots from underground parts that survive the fire. Fire is 
thus an important abiotic factor in development of this 
community. If unmanaged, the heath gradually reverts to 
woodland, passing through a scrub stage in which gorse, 
broom, hawthorn and other species may dominate. Birch is 
often the first tree to become established, followed by oak, 
the whole succession taking about 200 years. Pine, and less 
commonly beech, may also compete with oak. If lowland 
heaths are to be maintained, then active measures to 
remove shrubs and trees are necessary. Such management 
is desirable in the context of conservation because they 
contribute to the diversity of habitats found in Britain and 
certain rare species, such as the natterjack toad and the 
Dartford warbler (in Dorset), are found on heaths or heath 
scrubs. 


A climax woodland 


A typical terrestrial climax community is a deciduous 
woodland. Such communities are very rich in species. In a 
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Fig 12.27 Successions in south-east England. (a) Chalk 
grassland to woodland. (b) Heath to woodland (From A. G. 
Tansley (1968) Britain's green mantle, 2nd ed., Aller & 
Unwin.) 


wood near Oxford, which has been the subject of a long 
and detailed study, about 4 000 animal species have been 
found. Part of the reason for species richness is the complex 
structure of the woodland which contains many niches and 
microhabitats. 

The food web of an oak woodland has already been 
shown in fig 12.6a. Fig 12.28 illustrates the structure of a 
typical deciduous woodland. An important feature is the 
layering, or stratification, that is present. Most of the 
primary production occurs in the tree canopy and most of 
the decomposition at ground level, with animals occupying 
niches in all layers. 


12.5.2 Underlying features of succession 


A number of attempts have been made to 
explain succession in terms of some underlying principle 
which determines the progress towards the climax. 


Ecological dominance 


The observations of ecological dominance suggest that 
successions might always progress towards a climax in 
which one species is dominant, such as oak woodland, or à 
few species are co-dominant, such as oak-ash woodland. 
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These impose restrictions, such as shading, on the species 
that can grow in association with them. However, the 
concept of dominance is difficult to apply in some 
situations, as in planktonic communities, among animals, 
and in the tropical rain forests where several hundred tree 
species may be found in roughly equal numbers. 


Productivity and biomass 


Lindeman in 1942 proposed that succession involved 
increasing productivity until a climax community was 
reached in which the maximum efficiency of energy 
conversion occurred. This is a logical and attractive 
hypothesis because the amount of energy flowing through 
an ecosystem is a major limiting factor in determining the 
number and biomass of the organisms it can support. 
Evidence shows that the later stages of successions do 
become more productive, but that there is usually a decline 
in gross productivity associated with the climax commun- 
ity. Thus older forests have lower productivities than 
younger forests, which in turn may have lower productivi- 
ties than the more species-rich herb layers that precede 
them. A similar decline has been observed in some aquatic 
systems. Maximum productivity is now believed to be 
attained very quickly in many successions, although data 
are still few. The reasons for the decrease in productivity 
can only be speculated upon, but using a forest as an 
example, older trees might be expected to be less 
productive than younger trees for several reasons. One is 
that the accumulation of nutrients in the increasing 
standing crop biomass may lead to a reduction in nutrient 
recycling. However, a simple reduction in vigour as the 
average age of the individuals in the community increases 
to a constant point would presumably cause a reduction in 
productivity. 

Although it does not seem possible to argue that 
successions lead to maximum efficiency of energy conver- 
sion (maximum gross productivity) it s possible to argue 
that they lead to maximum accumulation of biomass. This 
is most obvious in the case of forest communities, where 
the plants become larger and larger during the succession, 
but the accumulated biomass of other climax communities 
is also normally greater than in the successional stages. 
Changes in gross productivity, respiration and biomass 
during a typical succession are summarised in fig 12.29. 
This shows that in the climax community these terms 
become more or less constant. It also shows that an upper 
limit of biomass is reached when total respiratory losses (R) 
from the system almost equal gross primary productivity 
(P), that is the P/R ratio is almost equal to 1. These and 
other trends that can be expected to occur in successions 
are summarised in table 12.7. 

During a succession more and more of the available 
nutrients become locked up in the biomass of the 
community with a consequent decrease in nutrients in the 
abiotic component of the ecosystem (such as soil and 
water). The amount of detritus produced also increases and 
detritus feeders take over from grazers as the main primary 
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Fig 12.29 Changes in gross productivity, respiration : 
biomass during a typical succession (Modified from M. 
Tribe et al. (1974) Ecological principles, Basic Biology Course 
4, Cambridge University Press). 


consumers. Appropriate changes in food webs occur and 
detritus becomes the main source of nutrients. 


12.5.3 Interactions between organisms and 


their abiotic environment 


Early in a succession the most important 


interactions are those between living organisms and the 
abiotic environment. The latter is changed as a result of the 
activity of the organisms. A striking example of this is the 
formation of sand dunes as a result of the accumulation of 
wind-blown sand around shoots of Ammophila (marram 
grass or Psamma). This is described in fig 12.30. The 
stabilisation of sand dunes takes place over a period of a 


few years. A sand dune succession around Lake Michigan 
in North America has been well documented and here dune 
stabilisation allows the growth of larger plants with low 
nutritional requirements such as cottonwood (a tree) and 
pine trees. Over a long period of time a soil develops, 
typically accumulating organic carbon from the litter layer. 
Also an increase in nitrogen-fixing organisms leads to an 
increase in nitrogen in the soil. In parts this has allowed 
growth of oak which has become the dominant species. 
Once oak has become fully established soil conditions 
apparently remain constant over an indefinite period with 
nutrient demand being balanced by nutrient input from 
recycling of leaf litter and the like. Here edaphic factors 
have been a dominant influence in the succession and have 
themselves been modified during the succession. It may 
take a thousand years, however, for the soil to reach a 
stable chemical composition and for the succession to be 
regarded as complete. 

The relatively short period for early stages of succession 
compared with later stages is an important general 
principle illustrated by this example. Further development 


Table 12.7 Summary of changes in an ecosystem during a typical secondary succession. 


Characteristic 


Immature (early) 


Stage of ecosystem development 
Mature (late) 


Gross production/community high (>1 che 
respiration (P/R ratio) gh n Spec 
Net community production high low 


Food chains 


‘Total organic matter small 
tor biomass) 

5pecies diversity low 
Structure of community simple 
Niche specialisation broad 
Size of organism small 


sirategies adopted by 
species (section 12.6.4) 


linear, mainly grazing 


‘r-strategy’ 


web-like, mainly 
detritus-feeding 
large 


high* 

complex (stratification, 
many microhabitats ) 
narrow 

large 

"Kestrategy" 


Similarly, microhabitats may be generated, such as dead 
wood (which in a given area may support about 200 species 
of animals), dung (inhabited by more than 300 animal 
species, chiefly beetles and flies) and carrion (also 


Interactions between organisms 


* Mot plant and some animal examples of succession show a peak of species diversity before climax. 
(a) val shoots become continued growth of 
ounded by wind-blown Ammophila 
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established 
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leads to dune 
formation 


(iii) 


Fig 12.30 (a) Dune formation by gradual deposition of 
wind-blown sand around aerial shoots of Ammophila. 
(b) Colonisation of sand dunes by creeping grasses and 
shrubs 


of a climax community will obviously occur in response to 
changes in environmental conditions, either sudden or long 
term. The succession of Ice Ages over the last 1.8 million 
years is a good example of climatic change that profoundly 
changed the communities of affected areas. ’ 

There are other ways in which the biotic community can 
influence the physical environment, and hence the succes- 
sion. Local modifications of climate may be induced, 
forming microclimates within the ecosystem. 


12.14 | Wa 
influence the environment: 
of (a) light, (b) - ere 
moisture? 


within the community 


In the latter stages of succession, biotic 
interactions. become more important in forming the 
detailed community structure. The variety of living 
organisms tends to increase, so inevitably their interactions 
become more complex. The tropical rain forest communi- 
ties, which are among the longest established climax 
communities, are renowned for their species richness and 
the extreme complexity of their biotic interactions. What 
we are concerned with in community ecology are the 
dynamic interactions between species rather than between 
members of the same species. A number of different kinds 
of interaction occur. Predator-prey interactions, including 
grazing, have already been mentioned with food chains and 
food webs in section 12.3, where the dependence of some 
organisms on others was made clear. Parasitic, symbiotic 
and other mutualistic relationships are also important. 
Studies of these interactions are bound to overlap with 
population ecology as some of the examples given in 
section 12.6.6 show. 

What gradually occurs is the filling of the available 
ecological niches and there may be competition for a given 
niche (section 12.1). The chances of an animal becoming 
established will depend on many factors, including the 
likelihood of its chance migration into the arca, the 
availability of suitable food, its ability to find a suitable 
niche and if necessary the ability to compete effectively for 
this niche. The more specialised it becomes for a particular 
niche, the less chance there is of direct competition. 
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A useful concept related to that of the ecological niche is 
resource partitioning, which is the sharing of the available 
resources among the different species of the community. 
Specialisation by different species to make use of different 
resources leads to less competition and a more stable 
community structure. Resource partitioning may take 
several forms, for example: 

(1) specialisation of morphology and behaviour for diffe- 
rent foods, such as the beaks of birds which may be 
modified for picking up insects, drilling holes, cracking 
nuts, tearing flesh, and so on; 

(2) vertical separation, such as canopy dwellers and forest 
floor dwellers; 

(3) horizontal separation, such as the occupation of 
different microhabitats. 

One or a combination of these three factors would serve 
to separate the organisms into groups of species with 
reduced competition between the groups because each 
occupies its own niche. For example, ecological groupings 
have been devised for birds based on feeding location (air, 
foliage, timber or ground) and subdivided according to 
major food type as shown in fig 12.31. 
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Fig 12.31 Ecological groupings used to analyse three 
California bird communities. (From B. D. Collier et al. (1974) 
Dynamic ecology, Prentice Hall.) 
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When plants are considered, each species will have its 
own set of optimum conditions of moisture, altitude, soil 
pH, and so on, in which it will be favoured, once again 
restricting direct competition. 

Despite a tendency for each species to evolve its own 
particular niche, some direct competition between species 
for available resources is inevitable. This is discussed in 
section 12.6.6. 


12.6 


Population ecology 


In the introduction to this chapter, a popula- 
tion was defined as a group of individuals of a given species 
in a given area at a given time, and the study of populations 
was shown to have important applications, as in the study 
of pests and in conservation. In studying populations we 
are concerned not just with the numbers of a given species 
living in a given area at a given moment in time, but rather 


with an understanding of how populations grow, are 
maintained and decline in response to their environments. 
This aspect of population ecology is called population 
dynamics. Knowledge of how numbers of individuals of 
various species change through time can also be used in 
biomass and energy flow studies and therefore in building 


up knowledge of ecosystems. 
Apart from some long-term studies on phytoplankton, 


most work on population dynamics has been done on 
animals and micro-organisms. With plants, especially crop 
plants, it is more useful, and easier in some cases, to collect 
data on biomass rather than numbers. The dynamics of 
plant populations exert a strong influence on those of 
animal populations so, for example, the study of human 


populations (demography) is usually studied in geography 
alongside the availability of food resources based on plants. 

Some information on how to sample animal and plant 
populations with the aims of collecting data on numbers 
and distribution is given in section 13.2. 


12.6.1 Birth rate (natality) and death rate 


(mortality) 


Population size may increase as a result of 
immigration from neighbouring populations, or by repro- 
duction of individuals within the population. One measure 
of reproduction is known as fecundity and concerns the 
numbers of offspring produced by individual females of the 
species. Fecundity is expressed in different ways, depend- 
ing on convenience and the species involved. It could be 
defined, for example, as the average number of fertilised 
eggs produced in an average breeding cycle or in a lifetime. 
For mammals, fecundity is expressed as birth rate or 
natality, the number of young produced per female per unit 
time (usually per year). In the case of Man, birth rate is 
usually expressed as the number of births per thousand 
head of population per year (table 12.8) and generally 
less-developed countries, where birth control is not 


Table 12.8 Birth rate statistics from selected countries and 
regions. Figures are the number of live births per year per 
thousand head of population. 


ICS 


Countries Regions 

Kenya 53 Africa 46 
Congo 45 Latin America 32 
Iran 44 Asia 29 
Egypt 41 North America 16 
India 36 Australia 16 
South Africa 36 Europe 14 
Mexico 33 

Malaysia 3l 

Jamaica 27 

israel 25 

Chile 22 

China 18 

United States 16 

Cuba 15 

lapan 14 

Fast Germany 14 

United Kingdom 13 

Italy 12 

Sweden 12 

West Germany 10 


Data from the 1981 World Population data sheet. 


practised extensively, have birth rates about twice those of 
better developed countries. Sociologists refer to the 
cultural change by a society from the higher to the lower 
rate as the demographic transition. 


Population size may decrease as a result of emigration or 
death (mortality). In population biology, mortality strictly 
means rate of death and may be expressed in terms of per 
cent, or numbers per thousand, dying per year. Table 12.9 
shows that generally speaking the well-developed countries 
have a lower mortality rate than the less-developed 
countries, owing to their better medical care and nutrition. 
Where medical and food aid programmes have been 
introduced, as in India since the Second World War, the 
statistics reveal a decreasing mortality rate. The very low 
mortality rates of places like Japan and Costa Rica are due 
to a relatively high proportion of young people. 


12.6.2 Survivorship curves 


The percentage of individuals that die before 
reaching reproductive age (pre-reproductive mortality) is 
one of the chief factors affecting population size, and fora 
given species is much more variable than fecundity. If 
population size is to remain constant, on average only two 
offspring from each male-female pair must survive to 
reproductive age. 


Table 12.9 Death rate statistics from selected countries and 
regions, Figures are the number of deaths per year per 


thousand head of population. 

Countries Regions 

Ethiopia 25 Africa 17 
Congo 19 Asia 11 
India 15 Europe 10 
East Germany 14 Latin America 9 
Tran 14 North America 9 
Kenya 14 Australia 7 
South Africa 12 

United Kingdom 12 

West Germany 12 

Egypt 1 

Sweden n 

Italy 9 

United States 9 

Mexico 8 

Malaysia 8 

Chile 7 

Israel 7 

China 6 

Cuba 6 

Jamaica 6 

Japan 6 

Costa Rica 4 


— ————————— 
Data from the 1981 World Population data sheet, 


If we start with a population of newborn individuals and 
the decrease in numbers of survivors is plotted against 
time, a survivorship curve is obtained. On the vertical axis, 
actual numbers of survivors may be plotted, or percentage 
survival: 


number of survivors 


number in original population 


Different species have characteristic survivorship curves, 
depending partly on their pre-reproductive mortality. 
Some representative examples are shown in fig 12.32. 

Most animals and plants exhibit a phenomenon called 
senescence or ageing, manifested as a declining vigour with 
increasing age beyond maturity. Once senescence begins, 
there is increasing likelihood of death occurring within a 
given time period. The immediate cause of death can vary, 
but the underlying cause is a reduced resistance to external 
factors such as disease. Curve (a) in fig 12.32 shows an 
almost ideal curve for a population in which senescence is 
the major factor affecting mortality. An example would be 
à human population in a modern industrialised country in 
which high standards of medicine and nutrition are 
maintained. Most people live to old age, but little can yet 
be done to prolong life expectancy beyond about 75 years. 
The main deviation of curve (a) from the ideal is due to 
infant mortality, shown by the dip at the start of the curve. 
Although infant mortality is much lower in industrialised 
countries, there are still above-average risks to life in early 
infancy. Another factor which will combine with sen- 
escence to affect the curve to some extent is accidental 
death, the cause of which may vary with age. In England, 
for example, deaths through car accidents reach a peak 
among people in their early twenties. A curve like (a) 
would also be obtained for an annual crop plant such as 
wheat, where all the plants in a given field senesce 
simultaneously. 

Curve (b) is for a population with a high mortality rate 
early in life, such as mightwccur for mountain sheep or for 
Man in a country in which starvation and disease are 
prevalent. Curve (c) shows the kind of smooth curve that 
would be obtained if there was a constant mortality rate 
throughout life (50% per unit time). Such a curve is 
obtained if chance is the major factor influencing mortality 
and the organisms die out before senescence becomes 
evident. A curve similar to this was once obtained for a 
population of glass tumblers in a cafeteria. Some animal 
populations show survivorship curves which approximate 
closely to this model curve, for example Hydra, where 
there is no special risk attached to being young. Most 
invertebrates and plants show a curve similar to (c) but 
with high juvenile mortality superimposed so that the 
initial part of the curve descends even more steeply. 
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Fig 12.32 Three types of survivorship curve. Letters (a), (b) 


and (c) are explained in the text 


Minor variations in survivorship curves may occu: within 
species for various reasons, a common one bein; sexual 
differences. In humans, for example, female life expect- 
ancy is slightly greater than for males, although the precise 
reasons for this are unknown. 

By plotting survivorship curves of species it is possible to 
determine the mortality rates of individuals of different 
ages and hence to determine at which ages they are most 
vulnerable. By identifying the factors causing death at 


these ages, an understanding can be gained of how 
population size is regulated. 
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12.6.3 Population growth and growth 


curves 


If birth rate of a population exceeds mortality 
then the population will grow, assuming changes due to 
immigration and emigration are insignificant. In order to 
understand population growth, a useful point to start from 
is the model used in chapter 2 to describe bacterial 
population growth, in which a fresh culture medium is 
inoculated with bacteria. In this new and favourable 
environment conditions are optimal for population growth 

nd a process of exponential growth occurs (fig 2.7). 

‘ponential growth is also considered in section 21.1.2. 

he growth curve obtained is called an exponential, log or 
logistic curve. As pointed out in sections 2.2.4 and 21.1.2, a 
point is reached when for a number of reasons, including 

mited availability of resources and accumulation of toxic 
vaste products, the rate of growth ceases to be exponen- 
ol. It begins to decline so that the final growth curve is 
ii moid (‘S-shaped’), as shown in fig 2.7 for bacteria and fig 
|.ld for yeast. This type of growth is said to be 
vensity-dependent because growth rate is dependent on the 
lensity of the population. Density-dependent factors like 
vod exhaustion and toxic waste accumulation affect 
sowth rate. At high densities, population growth rate 
radually slows down to zero and is represented on the 
urve by the plateau. At zero growth rate, the population is 
‘able, that is it does not change in size (remember that 
individuals may still be growing and reproducing; zero 
opulation growth rate means that rate of reproduction, if 
ii occurs, is balanced by mortality). Such a sigmoid growth 
urve has been obtained for a number of unicellular and 
\ulticellular organisms; for example algal cells added to a 

‘ture medium, phytoplankton of lakes and oceans in 

spring, insects such as flour beetles or mites introduced into 
; new habitat with abundant food supplies and lack of 
predators. 

Another type of curve is obtained if exponential growth 
continues until there is a sudden crash in population density 
when the population can no longer be supported by the 
environment, Such curves are described as 'boom-and- 
bust’ or ‘J-shaped’, and such growth is said to be 
density-independent because regulation of the growth rate 
of individuals is not tied to the density of the population 
until the final population crash, The crash may be due to 
the same reasons, such as food exhaustion, that exerted a 
regulatory influence in the sigmoid growth curve. Migra- 
tion or dispersal may contribute to reduction in numbers as 
well as a suddenly reduced reproductive rate. It may be 
associated with a particular stage in the life cycle like seed 
production. Examples of the two types of curve are shown 
together for comparison in fig 12.33. Both show the early 
exponential phase of growth. 

An important concept when considering optimum 
population sizes for a given environment is the ‘carrying 
capacity’ of the environment. The larger the carrying 
capacity, the larger is the maximum population size that 
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Fig 12.33 Two types of population growth curve. (a) Sigmoid 
(S-shaped) curve of yeast grown in culture. Carrying capacity 
is determined by the initial amounts of nutrients available in 
the medium. (b) 'Boom-and-bust' (J-shaped) curve of water 
fleas grown in culture (Based on A. S. Boughey (1971) 
Fundamental ecology, International Textbook Co.) See also 
Fig 12.40 for example of Kaibab deer 


can be supported over an indefinite time period. Beyond 
this point, one or more factors become limiting and prevent 
further population growth. It is closely linked with 
availability of resources to the species. The carrying 
capacity is briefly exceeded in boom-and-bust’ curves, as 
shown in fig 12.33. Carrying capacity is represented 
mathematically by the symbol ‘K’, which can also be used 
to represent the maximum population size that can be 
supported. The growth represented by ‘boom-and-bust’ 
and sigmoid growth curves can be described algebraically 
by simple differential equations. (Both equations apply to 
populations where there is à complete overlap between 
generations and where the population is therefore chang- 
ing in a continuous manner, hence the use of differential 
equations.) The equations are presented and briefly 
explained in table 12.10. 

The sigmoid and 'boom-and-bust' curves represent 
models of population growth. It is assumed that the 
organisms are all very similar, have equal ability to 
reproduce and are equally likely to die, so that the rate of 
population increase in the exponential phase is dependent 
only on numbers present and is not limited by the 
environment which remains constant. Very often these 
assumptions cannot be made for natural populations. For 
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Table 12.10 Equations for ‘boom-and-bust’ and sigmoid growth curves. 


If N = number of individuals in the population and t = time, 


then rate of change of numbers with time is represented as dN/dr, and this is proportional to N, that is dN/dr = rN, where ris a constant, 
the intrinsic rate of increase, and is related to the maximum rate of reproduction for an individual of the particular species. The higher the 


rate of reproduction, the greater the value of r. 


‘boom-and-bust’ curve 
(density-independent growth) 


sigmoid curve 
(density-dependent growth) 


dN 
dr 
If r is positive, population size increases exponentially. 
If r is negative, population size decreases exponentially. 
Hence rapid rises and falls in population size. 
Growth rate of each individual is independent of the population 
density. This type of population growth is sometimes referred to 
as compound interest growth. 
Population size does not become stable. 


rN 


aN _ jy EM 
dt K 
where K is the maximum number of individuals that a particular 


environment can support. Introduction of K into the equation 
means that the effect of the environment in slowing down growth 
to a steady state (or decline) is taken into account. K is also 
described as the carrying capacity of the environment 

If N >K, growth rate is negative. 


If K >N, growth rate is positive, therefore population size tends 
to settle out at about K = N, that is population size adjusts to 
the carrying capacity of the environment. 

When K = N, population growth rate is zero. Population size 


becomes stable. 


example, rate of increase would be affected in the ‘field’ 
(the natural habitat) by climatic variations, food supply and 
whether or not reproduction was confined to certain times 
of year. Even so, models of population growth are very 
useful in understanding natural populations and refine- 
ments to the models can be made as necessary. 


12.6.4 Population strategies 


In the last section the terms r and K were used 
in equations for population growth. Species that reproduce 
rapidly have a high value of r and are called r-species. They 
are generally opportunistic species and represent the 
typical pioneer species of ‘disturbed’ habitats. Such 
habitats are said to be r-selecting because they favour the 
increase in numbers of the r-species. Species that have 
relatively low values of r are called K-species because their 
reproductive rate is sensitive to population density and 
stays close to the equilibrium level determined by K. They 
are more typical of later stages in successions. The two 
types of species are said to adopt r and K strategies. 
Although a whole spectrum of intermediate strategies 
exists, the concept has proved useful when applied to 
population and community ecology. Some of the character- 
istics of extreme r- and K-type strategists are summarised in 
table 12.11. 

Essentially, the two strategies represent two different 
solutions to the same problem, which is long-term survival. 
The r-strategists exploit ‘disturbed’ habitats (habitats 
typical of early stages in successions, such as bare rock, 
cleared forest, burnt areas) more rapidly than K-strategists 
because they have better dispersal and faster reproduction. 
K-strategists are better competitors, but by the time they 
have taken over, the r-strategists have moved on to other 
disturbed habitats. The high reproductive potential of 
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r-strategists means that were they to remain in a habitat 
they would quickly use up the available resources and 
exceed the carrying capacity of the environment. The 
population would then crash. In other words, they tend to 
show the J-shaped curve of population growth, followed by 
the rapid decline in numbers shown in fig 12 The 
r-strategist only spends one or at most a few generations in 
a given habitat before escaping into new habitats. Indi- 
vidual populations may regularly become extinct but the 
species survives by moving on. The overall strategy can be 


summarised as ‘hit and run’. 

As Southwood* has pointed out, although the smallest 
organisms, such as bacteria and insects, tend io be 
r-strategists and the largest, such as vertebrates and trees, 
tend to be K-strategists, most organisms show intermediate 
strategies. Even within groups like insects and vertebrates 
a range of types can be found. Within the birds, for 
example, the blue tit, an opportunistic species of deciduous 
woodland, is an extreme r-strategist, being small but witha 
relatively large clutch size, and capable of more than 
doubling its numbers in a single season. The budgerigar, 
one of the smallest parrots and a nomad of Central 
Australia, has a very short generation time so can also be 
regarded as an r-strategist. By contrast, there are extreme 
K-selected birds like the condor and the albatross, both of 
which have wingspans of more than three metres and lay a 
single egg every other season. The albatross takes longer 
than any other bird to reach sexual maturity (9-11 years). 

Stable habitats tend to select for K-strategists. A good 
example is provided by ‘flesh flies’ whose larvae are carrion 
feeders. One species (Blaseoxiphia fletcheri) has larvae 


* T. R. E. Southwood, Bionomic Strategies and Population Parameters, in 
Theoretical Ecology Principles and Applications, ed. R. M. May (1976) 
Blackwell. 
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Table 12.11 Characteristics of r- and K-species. 


M 


r-species (opportunist species) 


Reproduce rapidly (high fecundity, short generation time); there- 
fore high value of r (the intrinsic rate of increase) 


Reproduction rate not sensitive to population density 
Investment of energy and materials spread over many offspring 


Population size may temporarily exceed K (carrying capacity of 
the environment) 

Species not very persistent in a given area 

Disperse widely and in large numbers; with animals, migration 
may occur every generation 


Reproduction is relatively expensive in terms of energy and 
materials 


Small size 

individuals short-lived 

Can occupy open ground 

Habitats short-lived (e.g. ripe fruit for Drosophila larva) 
Poor competitors (competitive ability not required) 
Relatively lacking in defensive strategies 

Do not become dominant 

More adaptable to changes in environment (less specialised) 


Examples 
bacteria 
Paramecium 
aphids 
flour-beetles 
annual plants 


K-species (equilibrium species) 


Reproduce slowly (low fecundity, long generation time); there- 
fore low value of r 


Reproduction rate sensitive to population density, rising rapidly if 
density falls 


Investment of energy and materials concentrated on a few off- 
spring, with parental care in animals 


Population size stays close to equilibrium level determined by K 


Species persistent in a given area 
Disperse slowly 


Reproduction is relatively inexpensive in terms of energy and 
materials; more energy and materials devoted to non- 
reproductive (vegetative) growth 


Large size; woody stems and large roots if plants 
Individuals long-lived 

Not well adapted to growing in open sites 

Habitats stable and long-lived (e.g. forest for monkeys) 
Good competitors 

Good defence mechanisms 

May become dominant 


Less resistant to changes in environmental conditions (highly 
specialised for stable habitat) 


Examples 

large tropical butterflies 
condor (large bird of prey) 
albatross 

Man 

trees 


ee 


which live in the fluid of pitcher plants, a more ‘stable’ 
habitat than carrion which is used by other species. This fly 
produces only 11 larvae per female compared with 50-170 
for closely related species. The individual larvae are also 
relatively large. 


100 Solidago speciosa woods site 100 Solidago rugosa woods site 


El 


B ès 


Percentage total biomass 


Solidago speciosa dry site Solidago nemoralis dry site 


235228 
ENM 


Percentage total biomass 


6 NE 
June July Aug Sept Oct June July Aug Sept Oct 
Fig 12.34 Percentage biomass allocated to production of 
leaves, stems and flowers in four goldenrod populations 
(From R. M. May (ed.) (1976) Theoretical ecology, Blackwell.) 
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12.6.5 Population fluctuations and regulation 


In section 12.6.3 population growth was 
examined. Once a population has finished its initial growth 
phase there usually continue to be fluctuations in popula- 
tion size from generation to generation. An example is 
shown in fig 12.35 for caterpillars of the winter moth 
(Operophthera brumata) in an oakwood near Oxford. 

Important influences are likely to be variations in 
climatic conditions (such as temperature), food supply and 
predation, Sometimes fluctuations are regular and may be 
called cycles. Their study is laborious and time-consuming 
since data for field organisms often must be collected over 
several years. In some cases data have been obtained by 
using laboratory organisms with short life cycles, such as 
fruit flies, rats and mites. These are used as model 
populations where conditions can be controlled more 
rigorously than in the field. 

Basically, population size may change as a result of 
changes in fecundity or mortality, or possibly both. When 
studying change it is usual to search for the 'key factor", that 
is the factor responsible for the greatest proportion of the 
observed change from one generation to the next. In most 
cases studied this is a factor affecting mortality. 
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Fig 12.35 Population changes for caterpillars of the winter 
moth (Operophthera brumata) in Wytham Wood near Oxford. 
Note that the numbers are plotted on a logarithmic scale. 
(From Open University Science Foundation Course (S100) 
Unit 20 (1971) Open University Press.) 
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Fig 12.36 Breeding success of the great tit in Marley 
near Oxford, in relation to the number of breeding pair 
present from 1947-63. (From M. E. Solomon (1976) 
Population dynamics, 2nd ed., Studies in Biology No. 18. 
Arnold.) 


Whereas fluctuations in population size might be 
expected to be purely random, in practice some {actors 
operate to regulate population size within certain limits. 


These are factors which reduce numbers by increasing 
mortality or reducing fecundity, and which become more 


effective as population density increases. Hence they may 
be described as density-dependent factors. Food shortage 
and increased predation are two factors which sometimes 
operate in this way. They have direct effects on mortality 


for obvious reasons, Two regulatory mechanisms which 
have been well studied and which affect fecundity are 
territorial behaviour and the physical effects of overcrowd- 
ing. 

Territorial behaviour 


Territorial behaviour or territoriality occurs in a wide 
range of animals, including certain fish, reptiles, birds, 
mammals and social insects. It has been particularly well 
studied in bird populations. Either the male bird, or both 
the male and the female, of a pair may establish a breeding 
territory which they will defend against intruders of the 
same species. The song of the bird and sometimes a visual 
display, such as that of the robin's red breast, are means of 
asserting territorial claims, and intruders usually retreat, 
sometimes after a brief ‘ritual fight’ in which neither 
competitor is seriously damaged (section 16.8.6). This has 
obvious advantages over a series of ‘real’ fights. There is 
little or no overlap between neighbouring territories of the 
same species and, in areas where the territory includes the 
food of the species, it will contain sufficient food to support 
the birds and their young. As population sizes grow, 
territories usually become smaller and able to support 
fewer new birds. In extreme cases, some birds may be 
unable to establish territories and therefore fail to breed. 
Regulation is therefore due to spatial interactions. 


Overcrowding 

Another form of regulation in which space is an important 
factor is that due to overcrowding. Laboratory experiments 
with rats show that when a certain high population density 
is reached, fecundity is greatly reduced even if there is no 
food shortage. Various hormonal changes occur which 
affect reproductive behaviour in a number of ways; for 
example, failure to copulate, infertility, number of abor- 
tions and eating of young by the parents all increase, and 
parental care decreases. The young abandon the nest at an 
earlier age, with consequent reduction in chances of 
survival. There is also an increase in aggressive behaviour. 
Changes like these have been demonstrated for a number 

| mammals and could operate under natural circum- 

tances outside the laboratory. Natural populations of 
voles, for example, show a similar kind of regulation. 

I here are many examples where breeding success and 
population density have been shown to be related. Cyclic 
variations in population size and density-dependent breed- 
ing success were shown during an investigation of great tits 
in Marley Wood near Oxford, as shown in fig 12.36, 

1n the laboratory it has been shown that the number of 

pes laid per day by fruit flies (Drosophila melanogaster) 


female is wingless 
and climbs up the 
trunks of oak 
trees by night 


wings 


adults emerge in De 
November and live 

for a few days 
only 


decreases as the population density of flies increases. With 
plants, the number of seeds produced by each plant may 
similarly be reduced at higher plant densities. In these 
examples it is not always obvious what the regulatory 
factors are, but food availability, competition for territory, 
mutual physical disturbance with possible hormonal 
changes are all factors which may be involved 

The regulatory factors help to smooth out and compen- 
sate for other factors which might have a random, 
non-regulatory effect on population size, such as climate 
For example, the particularly low number of breeding great 
tits in Marley Wood in the year 1947 (fig 12.36) might have 
been due to high mortality during the very cold winter of 
1946-7. This may have been compensated for by the 
relatively high breeding successes of 1947 and 1948, but the 
reasons for these successes are probably complex. 

It was noted above that the key factor affecting 
population size is often one that affects mortality, This is 
clearly shown in the case of the winter moth, whose life 
cycle is illustrated in fig 12.37. Its numbers have been 
studied over many years in an oakwood near Oxford. Table 
12.12 shows the average number of individuals killed by 
each of six factors affecting mortality. 


eggs laid on oak 
n^ and adults 


eggs hatch in spri 
(Mach or hen 
into green 
caterpillars; these 
feed on oak leaves 


down to the ground 
on silken threads in 
May; they burrow and 
pupate 


Fig12.37 Annual life cycle of the winter moth. (Based upon Open University Science Foundation Course Unit 20 (1971) Open 


University Press.) 
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Table 12.12 Average number of individuals of the winter 
moth killed by six mortality factors acting in succession. 


Number of eggs laid by the female moth 200 


Mortality factor Number killed 


Winter disappearance (death of a few eggs and 
very high mortality of newly hatched caterpillars) 184 
Parasitic fly living on caterpillars 1 
Other parasites living on caterpillars 1:5 
Disease of caterpillars 2:5 
Predators killing pupae in soil (beetles, shrews) 8.5 
Parasitic wasp living on pupae 0.5 
Total 198 


Therefore number of adults surviving to breed: 2 
Based on Open University S100 Unit 20 (see fig 12.37). 


The table shows that on average each pair of adults 
replaces itself each year with two surviving offspring, but 
fig 12.38 shows that in reality the population varies from 
year to year. Assuming that fecundity is constant, at least 
one of the six mortality factors must fluctuate and be 
density-dependent since the average size of the population 
remains constant. Fig 12.38 shows how the mortality 
factors fluctuated between 1950 and 1961. The key factor 
affecting total mortality (pre-reproductive mortality) is 
winter disappearance because this accounts for the greatest 
proportion of deaths and is most closely correlated with 
total mortality. The high mortality at this stage is explained 
by the fact that the hatching of the young caterpillars is 
closely, but not always exactly, synchronised with bud 
burst and young leaf growth of the oak trees. If the 
caterpillars hatch slightly early many starve, and if too late 
many will not have completed development before the 
leaves become too tough and full of tannin to be eaten. If, 
however, exact synchrony is achieved, the population of 
caterpillars may reach pest proportions and trees may be 
completely defoliated. 

Although winter disappearance is the key factor affect- 
ing mortality, some other factor appears to be acting to 
regulate population size because fluctuations in mortality 
are less dramatic than those for winter disappearance in 
most years (the years 1960 and 1961 being exceptions). The 
regulating factor therefore causes relatively more deaths in 
years when, as a result of reduced winter disappearance, 
the population becomes larger. In other words, the 
regulatory factor is density-dependent. Both pupal preda- 
tion and pupal parasitism show a relationship with total 
mortality which suggests that they could be regulatory 
factors. Pupal predation is highest in years when numbers 
of pupae are high (low winter disappearance). The 
relationship with parasitism is more complex because 
parasite density tends to be out of phase with host density. 
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Fig 12.38 Total pre-reproductive mortality and contributions 


moth 


to total mortality made by six different factors for win: 
in Wytham Wood between 1950 and 1961. (From Open 
University Science Foundation Course Unit 20 (1971) Open 
University Press.) 


The parasite of winter moth pupae is a wasp whose larvae 
feed on the caterpillars. Parasite-host relations! ips are 
complex, but briefly a year of high host density will result in 
successful parasite breeding followed a year later by higher 


parasite density and hence higher pupal parasitism 

Very accurate models are now available for predicting 
winter moth numbers. Such models have practical applica- 
tion when the species is a pest, as is the winter moth in 
eastern Canada. The models suggest ways in which the pest 
might be controlled and, in the case of winter moth, 
enabled the consequences of introducing parasites as a 
means of biological control to be predicted with success. 

Another density-dependent factor that may affect the 
population size of a species is migration (or dispersal). For 
example, at high aphid densities not only does the rate of 
reproduction of the aphids decrease but a higher propor- 
tion develop wings and leave the plant on which they are 
feeding. 

Some factors regulating population sizes such as climate 
have been regarded as density-independent, but it is 
inevitable that they interact with other factors that are 
density-dependent. Thus, although the terms are useful, it 
is better to avoid stressing the difference between density- 
dependent and density-independent factors and to study 
each case on its merits with the awareness that complex 


interactions may occur. The study of population fluctua- 
tions and regulation is a complex area of ecology and the 
examples quoted are chosen merely to illustrate some of 
the more obvious ways in which these factors operate. 


12.6.6 Population interactions 


It is seldom possible to confine studies of 
population dynamics to single species. It has already been 
shown, for example, that an understanding of the fluctua- 
tions in winter moth populations depends on a knowledge 
of parasites of the moth. A number of well-recognised 
types of interaction may occur between populations of 
rent species (interspecific interactions). At a given 
"ophic level there may be interspecific competition, that is 
ompetition between members of different species, for 
:vailable resources such as food and space. It is here that 
the study of niches is important in community ecology. 
Populations from different trophic levels may also interact, 
1s, for example, in the cases of predator-prey relationships 
ind host-parasite relationships. Other relationships exist, 

»ne of which are subtle and complex, including some 
symbiotic relationships where both partners benefit. 

Interactions between members of the same species 
intraspecific interactions) also occur, such as territoriality 
and other forms of agonistic behaviour (section 16.8.8). 


Predator-prey relationships 


in trying to understand interspecific interactions, simple 
ind well-controlled situations can be set up in the 
laboratory. It is hoped that they represent ‘models’ of real 
situations, 

A commonly used and simple model of predator-prey 
relationships is one that has been well illustrated by 
laboratory experiments with two mites, one predatory 
(Typhlodromus) and one herbivorous (Eotetranychus). 
Fig 12.39 shows the cyclic fluctuations that occur in their 
numbers, the cycles for the two species being slightly out of 
phase with each other. 

The explanation for these cycles is that an increase in 
numbers of the prey supports a subsequent increase in 
numbers of the predator. The predators then cause a crash 
in numbers of the prey, followed by an inevitable decline in 
numbers of predators. The cycles are completed when the 
decline in predators allows an increase in numbers of the 
prey. Each cycle occurs over a number of generations. 
These laboratory models must be applied with caution to 
natural predator-prey relationships, which will be subject 
to other influences. Some herbivorous mammals show 
regular cycles of numbers in the populations, an example 
being the lemmings of North America and Scandinavia, 
which have a four-year cycle. Their predators, the arctic 
fox and the snowy owl, consequently show a similar cycle, 
but the factor causing the lemming cycle could be 
overgrazing rather than predation. Occasionally, when 
populations of Scandinavian lemmings reach exceptionally 
high densities, they emigrate en masse, many plunging to 
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Fig 12.39 Oscillations in the populations of the predatory 
mite Typhlodromus and its prey, the plant mite Eotetranychus, 
in a laboratory habitat. (From M. K. Sands (1978) Problems in 
ecology, Mills & Boon Ltd). 


their deaths in fjords or drowning in rivers. Other cyclic 
changes in herbivores may also be influenced more by 
availability of food plants than by predators. Death 
through disease is another factor which could operate in a 
density-dependent manner since epidemics are more likely 
to spread through populations of high density. There is 
some evidence that this might contribute to the population 
cycles of the snowshoe hare of northern Canada. Here 
again one of its main predators, the Canadian lynx, follows 
a similar, but out-of-phase, cycle. Hares form 80-90% of 
the diet of the lynx. 

Although it may not be the only factor, there is no doubt 
that predation plays an important part in regulating natural 
populations. Some indication of the importance of pred- 
ator-prey relationships in this respect, and the long-term 
advantage it has for the prey, can be gained from the fate of 
a population of deer on the Kaibab Plateau in Arizona. In 
1906 the area was declared a wild-life refuge, and in order 
to protect the deer their predators, such as pumas, wolves 
and coyotes, were systematically exterminated over the 
next 30 years. Up to 1906 the deer population had 
remained stable at about 4000, but subsequently a 
‘population explosion’ occurred, as shown in fig 12.40, with 
the result that the carrying capacity of the environment, 
estimated to be about 30 000 deer, was exceeded. The 
population reached an estimated 100 000 by 1924, follow- 
ing a 'boom-and-bust' curve, but the overgrazing resulted 
in starvation and, together with disease, a subsequent 
population crash. In addition, the vegetation had been 
seriously damaged and did not recover to its 1906 level, 
with the result that the carrying capacity of the environ- 
ment dropped to 10 000 deer. 
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Fig 12.40 Deer population on the Kaibab Plateau following 
eradication of predators 


Host-parasite relationships 


In some of the cases studied host and parasite populations 
show similar out-of-phase cycles to those described above, 
notably when insects parasitise other insects. 


Interspecific competition 


Competition may occur between populations within an 
ecosystem for any of the available resources, such as food, 
space, light or shelter. If two species occur at the same 
trophic level then they are likely to compete with each 
other for food. Adaptive radiation by one or both species 
may then occur over a period of time with the result that 
they come to occupy separate niches within the trophic 
level, thus minimising the extent of competition. Alterna- 
tively, if the competitors occupy the same niche, or strongly 
overlapping niches, an equilibrium situation may be 
reached in which neither succeeds as well as it would in the 
absence of the competitor, or one of the competitors 
declines in numbers to the point of extinction. The latter 
phenomenon is known as competitive exclusion. It is 
difficult to study in wild populations but some classic work 
on laboratory populations has been done, originally by the 
Russian biologist Gause in 1934 who worked on competi- 
tion between several species of Paramecium. Some of his 
results are shown in fig 12.41. 


12.20 With reference to fig 12.41, 
(a) what type of population growth curve is shown by 
the two species when grown in isolation? 
(b) what resources might the two species be compet- 
ing for in the mixed culture? 
(c) what factors give P. aurelia a competitive advan- 
tage over P. caudatum? 
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When the two species are cultured together P. aurelia 
has a competitive advantage over P. caudatum for gaining 
food and after five days the numbers of P. caudatum start to 
decrease until, after about 20 days, the species has become 
‘extinct’, that is it has been competitively excluded, 
P. aurelia takes longer to reach the stationary phase of 
growth than when grown in isolation, so is also affected 
adversely by the competition, even though it is more 
successful than its competitor. This helps to expla 
selection pressure for competitors to adapt to 
niches. Under natural circumstances, the less successful 
competitor rarely becomes extinct, but merely becomes 


rare and may even increase in numbers agair before 
achieving an equilibrium position. 

The competitive exclusion principle (or Gausia» exclu- 
sion principle) has since been confirmed in furtho: animal 
experiments carried out by other workers. Competitive 
exclusions have been shown to occur in plant populations; 
in mixed cultures of duckweed (Lemna) species gibba 
was capable of excluding L. polyrrhiza. 

The study of natural populations is made more complex 
by the larger number of interacting populations and by the 


fact that the environmental variables such as temperature, 
moisture and food supply cannot be controlled. 


Among plant populations one form of competition which 
has attracted a lot of interest is allelopathy. It is part of the 
more general phenomenon of allelochemistry whereby 
plants and micro-organisms produce as secondary products 
of metabolism a variety of complex organic molecules 
which affect the growth of other living organisms. They 
include antibiotics and growth inhibitors, such as penicillin 
which is produced by the fungus Penicillium and has 


antibiotic properties against Gram positive bacteria (sec- 
tion 2.2.2). Chemical competition among micro-organisms 
is very intense and the relationships between them very 
complex. When chemicals affect other populations at the 
same trophic level the interspecific competitive c!'cct that 
results is termed allelopathy. The odours of aromatic plants 
are volatile secondary products which are sometimes 
involved in interactions of this kind. For example, Muller 


(a) (b) 
200 [- 
E 150 L pt 
Ez] P" d 
8 100 - Pd 
3 T 
E P 
a 
S / 
a 50} ra 
5 
/ 
Certes -—— (C Tt EN UNT) 1 LÀ 
0073-4 $ 3-10 D 2 4 6 8 10 12 14 16 
Time/days 


——-—- Paramecium aurelia 


Paramecium caudatum 


Fig 12.41 Population growth of two Species of Paramecium. 
(a) Cultured separately. (b) Cultured together 


Fig 12.42 Monarch butterfly (Danaus plexippus) 


in 1966 showed that the volatile terpenes released from 
aromatic plants of the Californian chaparral (a type of 
scrubland) are adsorbed on to surrounding soil particles 
and inhibit the germination or growth of surrounding 
plants. Phenolic compounds that are leached into the soil 
from the litter of some plants have a similar effect. Many 
plants of chalk grassland are aromatic and this may be an 
additional factor to grazing in maintaining the rich variety 
of herbaceous plants present. Recent studies of alleloche- 
mical interactions suggest that they are probably wide- 
spread in occurrence, both within and between trophic 
levels. Among the important plant chemicals involved are 
phenolics, terpenoids and alkaloids. They are extremely 
interesting because they are often physiologically active in 
animals. One example of allelopathy involving animals is 
provided by the monarch butterfly ( Danaus plexippus). Its 
caterpillar stage feeds on the milkweed plant which 
produces chemicals that act as strong cardiac (heart) 
poisons in vertebrates. This, or its unpleasant taste, 
presumably discourages grazing herbivores from eating the 
plant. However, the caterpillars can tolerate the poison, 
and can store it and carry it into the adult butterfly stage. 
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The butterfly, in turn, gains protection from predatory 
birds. The bright colouration and striking markings of the 
butterfly therefore serve as a warning to potential preda- 
tors and act as a protective device (fig 12.42). An incidental 
consequence of this is that some butterflies mimic the 
markings of the monarch, thus also gaining protection, 
This case study serves to show just how complex species 
interactions can become. Generally speaking, many plants 
subjected to grazing contain toxic chemicals to which only a 
few herbivore species are tolerant. 

Two other important processes, in which interaction 
occurs between flowering plants and animals, are discussed 
in section 20.2, namely seed dispersal and pollination. The 
latter, in particular, is a good example of another general 


principle, namely that of co-evolution, wherc species 
become adjusted to each other's presence and develop over 
a period of time varying degrees of mutual dependence and 


benefit. In the case of toxic plants, the most ben 
stable arrangement would be for the toxin-tole 
vores to provide a service to the plant, suci 
pollination by butterflies whose caterpillars feed 
plant. 


Chapter Thirteen 


Quantitative ecology 


(he principles of ecology, as outlined in the previous 
chapter, are based on qualitative and quantitative data 
'htained from studies carried out on animals, plants, 
‘micro-organisms and the abiotic environment. This chap- 
ter deals with both qualitative and quantitative aspects of 

ological investigation and presents a general introduc- 
ion to some of the methods and techniques of obtaining, 
oresenting and analysing data relating to the abiotic and 
biotic environments. 

Before attempting any ecological investigation it is 
essential to identify the exact aims and objectives of the 
study and the degree of accuracy required. These, in turn 
will clarify the methods and techniques to be employed and 
vill ensure that the data collected is relevant to the study 
ind is adequate to form a basis for valid conclusions. In 
many cases, it simplifies the methods and techniques and 
reduces the time, money, resources and effort needed for 
the study. However it must be stressed that investigations 
frequently have to be modified in the light of problems 
encountered during the investigation. 


13.1 


Methods of measuring 
environmental factors 


The main environmental factors which must 
be studied in order to complement biotic analyses, are 
edaphic, topographic and climatic factors such as water, 
humidity, temperature, light and wind. Many of the 
methods used to measure environmental factors are 
included below in experiments. Other methods of quantita- 
tive study are described in outline only. 


13.1.1 Edaphic factors 


Soils vary considerably in structure and chem- 
ical composition as described in section 12.4. In order to 
obtain a basic idea of the structure or profile of the soil, a 
pit is dug so that a clean-cut vertical section of the soil can 
be seen. The various thicknesses of clearly differentiated 
bands (horizons), shown in terms of colour and texture, can 
be measured directly, and samples removed from these 
horizons and used for the various analyses described 
below. 


Alternatively a soil auger, which is an elongated 
cork-screw implement, is screwed into the ground to the 
desired depth and then removed. Soil trapped in the 
threads of the screw at various levels is removed into 
separate polythene bags for subsequent analysis. When 
using this method of obtaining a soil sample, it is impor- 
tant to keep a record of the level each part of the sample 
occupied in the ground. This information should be 
recorded on the relevant bag. 


Experiment 13.1: To investigate the water content 
of a soil sample 


Materials 
about 80 g soil 
aluminium foil pie dish 
balance accurate to 0.1 g 
thermostatically controlled oven 
thermometer reading up to 150 *C 
desiccator 
tongs 


Method 

(1) Weigh aluminium foil pie dish while still empty. Record 
the mass (a). 

(2) Add a broken-up soil sample to the pie dish and weigh. 
Record the mass (b). 

(3) Place the pie dish containing the soil sample in the 
oven at 110 °C for 24 h. 

(4) Remove the sample from the oven and cool in a 
desiccator. 

(5) Weigh the sample when cool, and record the mass. 

(6) Return the sample to the oven at 110 *C for a further 
24 h. 

(7) Repeat stages (4) and (5) until consistent weighings 
are recorded (constant mass). Record the mass (c). 

(8) Calculate the percentage water content as follows: 


b-c 
P—— x 100 
b x 


(9) Retain the soil sample in the desiccator for experiment 
13.2. 
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Notes 


The value obtained in the experiment is the percentage 
total water present. This amount will depend upon recent 
rainfall. Alternative estimates of water content include field 
capacity and available water. The field capacity is the 
amount of water retained in the soil after excess water has 
drained off under the influence of gravity. To obtain this 
value the soil in the field should be flooded until surface 
water persists for several minutes, 48 h before the sample 
is removed for investigation. The available water is the 
water which is available to be taken up by plants and may 
be estimated by drying the weighed sample to constant 
mass at room temperature. The difference between wet 
mass and dry mass is the amount of available water 
present. 


Experiment 13.2: To investigate the organic 
(humus) content of a soil sample 


Materials 


dried soil sample from experiment 13.1 in desiccator 
crucible and lid 

tripod, Bunsen burner, asbestos mat, fireclay triangle 
desiccator 

tongs 


Method 


(1) Heatthe crucible and lid strongly in the Bunsen flame to 
remove all traces of moisture. Place in the desiccator to 
cool. Weigh and record the mass (a). 

(2) Add the dried soil sample (kept from the previous 

experiment) from the desiccator and weigh. Record the 
mass (b). 

(3) Heat the soil sample in the crucible, covered with the 
lid, to red-heat for 1 h to burn off all the organic matter. 
Allow to cool for 10 min and remove to the desiccator. 

(4) Weigh the crucible and sample when cool. 

(5) Repeat (3) and (4) until constant mass is recorded. 

(6) Calculate the percentage organic content as follows: 


b-—c 
b- 


x 100 


b 


(7) Repeat the experiment on soil samples taken from 
different areas to demonstrate variations in organic 
content. 


Note 


The percentage organic content obtained in this experi- 
menti is relative to dried soil and not to fresh (wet) soil. The 
organic content of a soil may be quoted as a percentage of 
fresh (wet) soil using the data obtained in experiment 13.1. 
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13.1 60g J of a fresh sample of soil 
produced the following data on analysis. After 
heating at 110°C and cooling in a 
desiccator, the consistent readings of dry mass of 
45g were obtained. The dry soil was heated 
repeatedly to red-heat in a crucible, cooled in a 
desiccator and weighed. The mass was now found to 
be 30 g. Calculate the water content and organic 
content of the fresh soil sample. 


Experiment 13.3: To investigate the air content of 
a soil sample 


Materials 
tin can of volume about 200 cms 
500 cm? beaker 
water 
chinagraph pencil 
metal seeker 


Method 


(1) Place the empty can open end uppermost into the 
500 cm? beaker and fill the beaker with water above the 
level of the can. Mark the water level in the beaker. 


(2) Carefully remove the can containing the water and 
measure this volume of water in a measuring cylinder. 
Record the volume (a). The water level in the beaker 
will fall by an amount corresponding to the volume of 
water in the can. 

(3) Perforate the base of the can using a drill, making 


about eight small holes. 

(4) Push the open end of the can into soil from which the 
surface vegetation has been removed until soi! begins 
to come through the perforations. Gently dig out the 
can, turn it over and remove soil from the surface until it 
is level with the top of can. 

(5) Place the can of soil, with open end uppermost, gently 
back into the beaker of water and loosen soil in the can 
with seeker to allow air to escape. 

(6) The water level in the beaker will be lower than the 
original level because water will be used to replace the 
air which was present in the soil. 

(7) Add water to the beaker from a full 100 cm? measuring 
cylinder until the original level is restored. Record 
volume of water added (b). 

(8) The percentage air content of the soil sample can be 
determined as follows: 


D y 100 
a 


(9) Repeat the experiment on soil samples from different 
areas. 


Experiment 13.4: To investigate the approximate 
relative proses of solid particles (soil 
texture) in a soil sample 


Materials 


500 cm? measuring cylinder 
100 cm? soil sample 
300 cm? water 


Method 


(1) Add the soil sample to the measuring cylinder and 
cover with water. 
'j Shake the contents vigorously. 
)) Allow the mixture to settle out, according to density and 
surface area of particles, for 48 h. 
4) Measure the volume of the various fractions of soil 
sample. 


Results 


\ gradation of soil components is seen. Organic matter 
jats at the surface of the water, some clay particles 
main in suspension, larger clay particles settle out as a 

layer on top of sand and stones which are layered 
ccording to their sizes. 


Experiment 13.5: To investigate the pH of a soil 
sample 


Materials 


long test-tube (145 mm) and bung 

test-tube rack 

barium sulphate 

BDH universal indicator solution and colour chart 
soil sample 

spatula 

distilled water 

10 cm? pipette 

Method 

(1) Add about 1 cm of soil to the test-tube and 1 cm of 
barium sulphate, which ensures flocculation of col- 
loidal clay. 

(2) Add 10 cm? of distilled water and 5 cm? of BDH 
universal indicator solution. Seal the test-tube with the 
bung. Shake vigorously and allow contents to settle for 
5 min. 

(3) Compare the colour of liquid in the test-tube with the 
colours on the BDH reference colour chart and read off 
the corresponding pH. 

(4) Repeat the experiment on soil samples from different 
areas. 


Note 


pH is one of the most useful measurements which can be 
made on a soil. Although a simple measurement, it is à 
product of many interacting factors and is likely to bea 
good guide to nutrient status and to types of plants (and 
therefore animals) that flourish. Acid soils tend to be less 
nutrient rich (poorer cation-holding capacity). 


13.1.2 Climatic factors 


Water, air and light are the most important 
climatic parameters to measure and this section outlines 
some of the basic practical methods used in their 
measurement. 


Experiment 13,6: To investigate the pH of a water 
sample 


Materials 


universal indicator test paper or pH meter 
water sample 


Method 

(1) Dip a piece of universal indicator test paper into the 
water sample and compare the colour produced with 
the colour chart. Read off the pH value. 

OR 

(2) Rinse the probe of the pH meter with distilled water, dip 
it into the water sample and read off the pH value. (This 
method is more accurate, but the meter must be 
accurately calibrated using prepared solutions of 
known pH before the experiment begins.) Rinse the 
probe with distilled water before returning it to buffer 
solution for storage. 

(3) Repeat the experiment on water samples from different 
sources, 


Experiment 13.7: To investigate the chloride 
content of a water sample (giving a rough 
estimate of salinity) 


Materials 
water sample 
10 cm? pipette 
burette 
distilled water in a wash bottle 
3 conical flasks 
white tile 
potassium chromate indicator 
50 cm? silver nitrate solution (2.73 g 100 cm-?) 


Method 

(1) Place 10 cm of the water sample into à conical flask 
and add two drops of potassium chromate indicator 
solution. 

(2) Titrate silver nitrate solution from the burette, shaking 
the conical flask constantly. 

(3) The end-point of the titration is given by a reddening of 
the silver chloride precipitate. 

(4) Repeat the titration on a further two 10 cm? water 
samples. Calculate the mean volume of silver nitrate 
used. 

(5) The volume of silver nitrate solutions used is approx- 
imately equal to the chloride content of the water 
sample (in g dm-?) 


403 


Experiment 13.8: To investigate the oxygen 
content of a water sample 


The technique described here is the Winkler method which 
gives an accurate measure of oxygen content but requires 
many reagents. A simpler but less accurate method is 
described in Nuffield Advanced Science, Biological 
Science. 


Materials 


10 cm? of alkaline iodide solution (3.3 g NaOH, 2.0 g KI 
in 10 cm? distilled water) (CARE) 

10 cm? of manganese chloride solution (4.0 g MnCl, in 
10 cm? distilled water) 

5 cm? of concentrated hydrochloric acid (CARE) 
starch solution (as indicator) 

distilled water in a wash bottle 

0.01 M sodium hydrogensulphate (thiosulphate) solu- 
tion 

3 x 5 cm? graduated pipettes 

burette 

white tile 

3 conical flasks 

250 cm? water sample in glass bottle with ground glass 
stopper 


Method 


(1) Collect the water sample carefully without splashing 
and stopper the sample bottle under water to prevent 
entry of air bubbles. 

(2) Add 2 cm’ of manganese chloride solution and 2 cm? of 
alkaline iodide solution to the sample using pipettes 
whose tips are placed at the bottom of sample bottle. 
The heavier salt solutions will displace an equal 
volume of water from the top of the sample bottle. 

(3) Add 2 cm? of concentrated hydrochloric acid and 
stopper the bottle so that no air bubbles are trapped. 
Shake the bottle thoroughly to dissolve the precipitate. 
This leaves a solution of iodine in an excess of 
potassium iodide. The dissolved oxygen is now fixed 
and exposure to air will not affect the result. 

(4) Remove a 50 cm? sample of this solution and place it in 
a conical flask. Titrate with 0.01 M sodium hydrogen- 
sulphate solution from the burette as follows: 

(a) add hydrogensulphate solution whilst shaking 
conical flask until the yellow colour becomes pale: 
(b) add three drops of starch solution and continue to 
titrate and shake until the blue-black colouration of 
the starch disappears. 
Record the volume of hydrogensulphate used. 
(5) Repeat stage (4) with two further 50 cm? samples of 
water and obtain the mean volume used (X). 
(6) Using these solutions, 1 cm? of 0.01 M hydrogen- 


404 


sulphate solution corresponds to 0.056 cm? of oxygen 
at STP (standard temperature and pressure). 

(7) Calculate the concentration of oxygen per litre of water 
using the following formula: 


oxygen in cm? dm-? — 0.056 x x x 1000 at STP 
50 


where x — volume of hydrogensulphate solution 
required for the titration of 50 cm? of sample. 


Water current 


The simplest method of measuring water current is to 
record the time taken for a floating object to cover a known 
distance. In order to eliminate the effects of wind it is 
preferable to use an object which is mainly submerged. 
Alternatively an L-shaped tube 50 cm high, 10 cm long and 
2 cm in diameter can be placed in a stream with the short 
end facing upstream. By measuring the height to which 
water rises in the long limb the velocity of the current can 
be measured using the formula: 


v =\(2hg) 


where v is the speed of the current (cm s-!), g is the 
acceleration due to gravity (981 cm s-?) and h is the height 
of the column (cm). 


Humidity 
The relative humidity of air is a measure of the moisture 
content of air relative to air fully saturated with water 
vapour. Relative humidity varies with temperature, since 
air expands on heating and can hold more water vapour. 
This is measured by a whirling hygrometer consisting of a 
wet and a dry thermometer mounted on a wooden frame 
resembling a football rattle (fig 13.1). It is whirled around 
until both thermometers give constant temperature read- 
ings. These temperatures are then examined in hygrometer 
tables and the corresponding relative humidity read off. 


Temperature 


Air, water and soil temperatures can be measured using à 
mercury thermometer, but measurements of temperature 
at a point in time provide little real information of 
ecological significance. It is the range of temperatures over 
a period of time which have more significance in ecological 
studies. Hence sophisticated time-based recordings of 
temperature are normally used or the maximum and 
minimum temperatures recorded using a maximum- 
minimum thermometer. Temperatures in microhabitats 
and inaccessible habitats, such as the centre of a tree, are 
measured using a thermistor (fig 13.2). This is an electrical 
device which can be miniaturised to fit into the tip of a 
ballpoint pen and whose resistance varies with tempera- 
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ture. By measuring the resistance of the thermistor and 
comparing this with previous temperature-calibrated resis- 
tances the environmental temperature can be obtained. 
The temperature extremes of microhabitats (microcli- 
mates) are also useful in ecological studies since they can 
often explain the disappearance of a particular species from 
an area, such as frost-sensitive plants. 


Light 
Light varies in intensity, duration and quality (wave- 
length). Measurements of all three aspects are required to 
provide the information relevant to ecological study and 
specialised techniques are required to record them. For 
practical purposes some indication of intensity related to 
particular areas is generally required, so that the incident 
light in different areas can be compared. For this purpose 
an ordinary photographic exposure meter is adequate. 


Fig 13.1 Whirling hygrometer 


Light intensities over a given period of time are recorded 
using Ozalid papers which have a cumulative sensitivity to 
light. 

Wind speed and direction 
The wind speed in a habitat at a given point in time is not as 
ecologically significant as the degree of exposure to wind 
experienced by the habitat. In this respect wind frequency, 
intensity and direction are all important. However, for 
most practical purposes a simple wind-gauge indicating the 
direction of the wind and a simple anemometer (fig 13.3) 
indicating wind speed are adequate for comparing features 
of wind in different habitats. 
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Fig 13.2 A thermistor in use 


(a) side view : 
— — central pin 
plastic m upon which 


filler — \ gauge pivots 
funnels 

wooden arm 
im holding 
pos funnels 
(b) plan view 


Fig 13.3 Simple anemometer which may be used to 
determine wind speed in terms of the rate of turning of the 
wooden arm painted black 
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13.2  Biotic analysis 


In analysing the organisms living given 
habitat (the biotic component of the ecos) ) the 
community structure must be determined in ms of 
species present in the habitat and numbers w each 
population. It is obviously impractical to attempt io find 
and count all the members of a given species, and so 
sampling techniques have to be devised which will give 
indications of species present and their numbers, Generally 
speaking, the more accurate the results required the more 


time-consuming the method, so it is necessary to be clear 
about objectives. Also, if possible, non-destructive tech- 
niques should be used. 

In all cases reliable methods of sampling (recording 
and/or collecting) organisms are required and it is safe to 
say that ‘no stone should be left unturned’ (providing it is 
replaced!) since organisms will occupy almost all available 
microhabitats. For example, at first sight a square metre of 
grass, soil, sand, rocky shore or stream bed may not appear 
to support many species, but closer examination, involving 
hand-sorting the soil, grass and weeds, turning over stones 
and examining roots, stems, flowers and fruits of plants and 
holdfasts of seaweeds, will reveal many more species. 

In recording data, as many species as possible (plant and 


animal) should be identified in the field, using keys if 
necessary. Only if the species are obviously common 
locally and not known to be rarities should they be 
collected. Over-collection can have serious effects on local 
communities. In the case of collected animals, attempts 
should be made to keep them alive and to release them in a 
similar microhabitat to that in which they were collected. It 
is necessary to identify the organisms as accurately as 
possible, that is to the level of species. This cannot always 
be done but it should be possible to identify them at least as 
far as class, order or family. Identification of specimens 
iepends upon familiarity with keys. The principles of 

lassification, key construction and details of how to use a 
key are described in appendix 3. 

^ list of all the species in the habitat gives some 
ndication of the diversity of structure of the community, 
he species richness or diversity. 

(There are various numerical ways of expressing species 

^hness using mathematical formulae. The numerical 
value is called the diversity index but details of this will not 
be considered here.) 

hese data provide information enabling possible food 
chains and food webs to be constructed, but are inadequate 
! providing information related to quantitative aspects of 
\e community. The extent of the diversity is only fully 
revealed when the numbers of organisms within each 
pecies, that is the population sizes, are determined. This 
‘formation enables a more detailed picture of the com- 
"unity to be constructed, such as a pyramid of numbers 
section 12.3.6). 

Obtaining the qualitative and quantitative data of a 
yabitat depends on specific methods of collecting, sampling 
ind estimating organisms within the habitat, and the 
»ethod chosen is related to the mode of life, behaviour and 
size of the organism. 


Methods of collecting organisms 


There are several points to consider when 
ollecting organisms and these are summarised below. 

(1) Observe the Countryside Code at all times. 

(2) Always obtain permission from the landowner before 
beginning an ecological study in an area. d* 

(3) Consult the local Natural History Society, university, 
college or the Nature Conservancy about where and 
what you are to collect. 

(4) Never remove organisms from their habitat or destroy 
them unnecessarily. : 

(5) Leave the habitat as undisturbed as possible, for 
example replace stones, turf, logs and so on to their 
original positions. ? 

(6) Where it is necessary to remove organisms from the 
habitat for identification, take as few as possible and, if 
practicable, return them to the habitat. 

(7) Keep specimens separate when removing them to the 
laboratory for identification to prevent contamination 
or being eaten by predators, for example do not put 
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ragworm and crabs in the same collecting vessel. Useful 
collecting equipment includes jam jars, Kilner jars, 
polythene bottles, specimen tubes and polythene 
bags. 

(8) Always record as much information as possible con- 
cerning the topography of the habitat and climate at the 
time of collection as the information may have a 
bearing on what is collected: 

(a) nature of rock or substratum (grass, mud, soil etc.); 
(b) nature of aspect (for example flat, south-facing, 
angle of slope etc.); 
(c) drainage; 
(d) soil, mud or sand profile; 
(e) temperature of substrate, water and air; 
(f) substrate or water pH; 
(g) cloud cover and rainfall; 
(A) relative humidity of air; 
(i) light intensity (such as shaded or open, possibly a 
meter reading); 
() wind speed and direction (such as still, gentle 
breeze, gale, south-west); 
(k) time of day and date. 
Anexample of how some of these features may be recorded 
is shown in table 13.1. 


Table 13.1 Field booking sheet for recording edaphic, 
physiographic and climatic features. 


Gridireference 555. 
(1) Underlying rock 
(2) Substratum/soil 


(a) surface feature 
(b) depth of horizon A . 


(Gy BEL Eear 
(f) temperature .. 


(3) Topography 
(a) aspect, direction 
(b) height above sea level .. 
(6) EMON, seme eese aser ax 
(d) drainage .... 
(e) landuse ..... 
(f) high or low water, time ... 


(4) Climate 
(a) airtemperature, range ... 
(B) T aiioa 
(c) cloud cover/sunlight 
(d) relative humidity . 
(e) wind direction 
(f) windspeed ....... 
(g) lightintensity (horizontal), N . 
(h) timeofday 


.. height .... 


There are a variety of methods of collecting specimens. 
A summary of methods and their applications is shown in 
table 13.2 and in figs 13.4-9. 

Specimens should be collected from traps at regular 
intervals, identified, counted and, where possible, re- 
leased. In the case of pitfall traps it should be realised that if 
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Table 13.2 A summary of various methods used to collect organisms. 


Collecting 
method 


Structure and function 


Organisms collected 


beating tray 


kite net 


sweep net 
plankton net 


sticky trap 


pitfall trap 


light trap 


mammal trap 


kick sampling 


pooter 


hand-sorting 


extractions 


flotation 


Tullgren funnel 
(dry extraction) 


Baermann 
funnel 
(wet extraction) 


A fabric sheet of known area is attached to a collapsible frame and held under a branch 
which is beaten with a stick or shaken. Organisms fall onto the sheet and are removed 
using a pooter (see later notes). 


A muslin net is attached to a handle and swept through the air. Organisms become 
trapped in the net. All netting techniques must be standardised to ensure uniformity of 
sampling, e.g. eight, figure-of-eight sweeps per examination of the net. 


A nylon net is attached to a steel handle and swept through grass, bushes, ponds or 
streams. 


A bolting silk net is attached to a metal hoop and rope harness and towed through the 
water. A small jar is attached to the rear of the net to collect specimens. 


Black treacle and sugar are boiled together and smeared onto a sheet of thick polythene 
which is then attached to a piece of chipboard with drawing pins. This can be hung in 
various situations and at various heights. Jam and beer can be added to the sticky sub- 
stances to act as attractants. 


A jam jar or tin is buried in the soil with the rim level with ground level. This is best 
placed where the ground falls away from rim level to prevent water entering the jar. 

A piece of slate supported on three stones acts as a lid preventing rainwater from enter- 
ing. The trap can be baited with either sweet foods such as jam or decaying meat. Traps 
should be regularly cleared (fig 13.4). 


A mercury vapour light trap attracts flying organisms which hit baffles and fall down into 
the base and become trapped in cardboard egg boxes or crumpled-up paper. Cotton 
wool soaked in chloroform is added before examining the contents to anaesthetise or 
kill the organisms (fig 13.5). 


A Longworth mammal trap (fig 13.6) is left in a runway and filled with bedding 
material. Bait, e.g. grain or dried fruit, can be left outside and inside the trap. The trap 
can be left unset for some time until organisms become accustomed to it and then set. 
Animals are captured alive so the trap must be visited regularly. Some animals may 
remain ‘trap shy’ and never enter it, whereas others become ‘trap happy’ and visit it 
regularly. These two patterns can present problems when using the technique to 
estimate population sizes. 


This is used for collecting in running fresh water. An open sweep or plankton net is held 
vertically downstream of the area being sampled by turning over stones and scraping 
off organisms which are then swept into the net. Alternatively the area being sampled 
is agitated by kicking and stamping so that organisms are displaced vertically and swept 
into the net by the current. 


This is used to collect small insects from beating trays or directly off vegetation for 
closer examination and/or counting (fig 13.7). 


Samples of soil or vegetation, e.g. grass, leaf litter, pond and seaweed, are placed at one 
end of a tray and small amounts of material are systematically examined between 

the fingers, specimens are removed to a collecting jar and sorted material passed to the 
other end of the tray. The sample is then examined as it is moved back to the original 
end of the tray. 


5 cm} of 4% formaldehyde are added to 50 cm? of water and used to water a Square metre 
of lawn or grassland. Earthworms are driven out from their burrows and collected and 
immediately washed in water to remove the formaldehyde. 


Add a known mass of soil to a beaker of saturated salt solution, stir vigorously for 
several minutes and allow soil to settle. Organisms float to surface in dense salt 
solution. Pour off surface layer of fluid into a Petri dish and examine under binocular 
microscope. Remove all specimens into another Petri dish containing 70% alcohol to kill 
and fix the specimens. Mount each specimen separately in glycerine on a microscope 
slide, cover with a cover-slip and identify under binocular microscope or low power of 
compound microscope. 


Many soil and leaf litter-dwelling organisms move away from a source of heat and 
towards moister conditions. A soil or leaf litter sample is placed in the sieve about 
25 cm below a 100 W bulb in a metal reflector (fig 13.8). Every two hours the bulb 
is moved 5 cm nearer to the sample until the bulb is 5 cm from the soil sample. The 
apparatus is left for a total of 24 h. All small arthropods move downwards and drop 
through the metal gauze into the alcohol beneath. 


A soil sample is placed in a muslin bag, submerged in a funnel containing water and 
suspended 25 cm from a 100 W bulb in a metal reflector (fig 13.9). The apparatus is 
left for 24 h. The water and the gentle heating encourage organisms to leave the sample, 
move out into the water and sink to the base-of the funnel. They are removed at intervals 
by opening the clip in the apparatus and allowing them to fall into the alcohol. 


non-flying insects, 
larval stages, spiders 


flying insects 


insects, crustaceans 
plankton 


flying insects 


walking/craw! 
insects, myria 
spiders, crustac: 


night-flying insects, 
particularly and 
caddis flies 

shrews, vole: ! mice 
aquatic inse id 
crustaceans 

aphids, small insects 


and spiders 

mites, enchytracid 
worms, insect larvae 
and small insect 


earthworms 


mites, insects, eggs, 
cocoon, larval and 
pupal stages 


small arthropods e.g. 
millipedes, centipedes, 
mites, springtails and 
collembola 


small arthropods, 
enchytraeid worms 
and nematodes 
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natural predators and prey are collected it is probable that 
the prey will not be present when the trap is emptied. 
Where this is believed to be happening, 7046 alcohol 
should be placed in the trap to kill the organisms as they fall 
in. Imagination and ingenuity are required in collecting 


: / , specimens. 
: | y Rol Generally, sites where specimens are collected are not 
D. Sm /J7 E io aifrad randomly chosen and consequently the results obtained 


slate 


ground level 
supporting stone 


insects etc. from the collections must be interpreted in the light of 

biased selection of collecting site. Whilst this may not affect 

Fig 13.4 Simple pitfall trap made by sinking a jam jar into the species of organism collected, so that community 

soil structure will be accurately represented, it is likely to give 

j13.5 (below) Mercury vapour lamp in use attracting insects SURE TIGRE ideam on Hor het it he 

a use of baits and lures to attract organisms to sticky traps, 

itfall traps and mammal traps will influence the results, 

13/6: (gtiooRtom of page] Benguorimmammaliap am eres dine based on Facer data will reflect this 

bias. Therefore in discussion of results it is necessary to 
state clearly that bias exists. 


13.2.2 Methods of sampling an area 


In order to standardise the sites where abiotic 
and biotic aspects of ecosystems are investigated, transects 
and/or quadrats are commonly used and collecting and 
sampling is confined to the area of the transect or quadrat. 


Line transect. This may be used to sample a 
uniform area but is particularly useful where it is suspected 
that there is a transition in habitats and populations 
through an area (fig 13.10). For example, a tape or string 
running along the ground in a straight line between two 
poles indicates the position of the transect and sampling is 
rigorously confined to species actually touching the line. 


[1] 
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Fig 13.7 Pooter in use collecting small invertebrates 
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metal reflector — metal reflector 


X 100 W bulb : — —100 W bulb 
25 cm 
25 cm glass rod 
y^ 
soil sample 
string 
metal gauze 
x muslin bag containing 
: Wr soil sample 
smooth-sided aisi 
funnel nase 
clip 
rubber connecting tubing 
"BE alcohol Él 50% alcohol (initially) 


Fig 13.8 Tullgren funnel Fig 13.9 Baermann funnel 


Fig 13.10 The position of a line transect across a rocky 
shore 
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Belt transect. A belt transect is simply a strip 
of chosen width through the habitat, made by setting up 
two line transects, say 0.5 m or 1 m apart, between which 
species are recorded. An easier method of obtaining both 
qualitative and quantitative data from a belt transect is to 
use a quadrat frame in conjuction with a line transect. 

Height variations recorded along line or belt transects 
produce a profile of the transect, sometimes known as a 
profile transect, and this is used when presenting data (fig 
13.19). 

A decision over which type of transect to use depends on 
the qualitative and quantitative nature of the investigation, 
the degree of accuracy required, the nature of the 
organisms present, the size of the area to be investigated 
and the time available. Over a short distance a line transect 
might be used and a continuous record kept of each plant 
species lying immediately beneath it. Alternatively, over a 
longer distance the species present every metre, or other 
suitable distance along the transect, may be recorded. 


Quadrat. A quadrat frame is a metal or 
wooden frame, preferably collapsible to facilitate carrying, 
which forms a square of known area, such as 0.25 m? or 
1 m? (fig 13.11). It is placed to one side of a line transect and 
sampling carried out. It is then moved along the line 
transect to different positions. Both the species present 
within the frame and the numbers or abundance (section 
13.2.3) of these may be recorded depending upon the 
nature of the investigation. In all cases the method of 
recording the species must be consistent, for example all 
species partially or completely visible within the quadrat 
are listed. The structure of the quadrat frame can be 
modified according to the demands of the investigation. 
For example, it can be divided by string or wire into 
convenient sections to assist in counting or estimating 
numbers or abundance of the species (fig 13.11). This is 
particularly useful when studying a habitat supporting 
several species of plants. 

A quadrat may be used without a transect when studying 
an apparently uniform habitat. In this case the quadrat is 
used randomly. One fairly random sampling technique is to 
fling a robust quadrat over the shoulder and record the 
species within it wherever it falls. This is repeated several 
times so that a representative sample of the area is covered. 
Alternatively a sampling point may be chosen by using a 
table of random numbers, also generated by some 
calculators, to select a random coordinate on an imaginary 
grid laid over the area. The sides of the grid may be marked 
by measuring tapes. Investigations have shown that in a 
uniform habitat there comes a point beyond which 
analysing the species within a quadrat becomes unneces- 
sary as it does not increase the number of different species 
recorded. This relationship is shown in fig 13.12. As a rule 
of thumb, once five quadrats have failed to show any new 
species it may be assumed that no further species will be 
found. However, when an assumption such as this is made 
it must be stated in the ecological report as it may affect the 
reliability of the results. 
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Pin frame (point quadrat). This is a frame 
bearing a number of holes through which a ‘pin’, such as a 
knitting needle can be passed (fig 13.13). It is particularly 
useful with transect studies of overgrown habitats where 
several plant species may overlap. All species touched by 
the pin as it descends to the ground are recorded for each of 
the holes. 


Permanent quadrat. In long-term ecological 
investigations involving the study of community change 
(succession) or seasonal changes, a permanent quadrat or 
transect is used. Metal pegs and nylon rope are used to 
mark out an area of ground. Periodic samples of abiotic and 
biotic factors can be taken and the results presented in such 
a way as to reveal trends and changes and possible factors 
accounting for, or associated with, these changes. 


i —wing nut 


wire 


metal or 
wooden frame 


~— ig quee > 


Fig 13.11 Quadrat frame (1 m?) with wire sub-quadrats 
(each 400 cm?) forming a graduated quadrat 


Fig 13.12 Graph showing the relationship between the 
number of species recorded in an area and the number of 
quadrats studied. (In quantitative studies there is no point in 
sampling more quadrats beyond a certain point as it is 
unrewarding and uneconomical on time.) 


A 


Number of 
species 
recorded 
ox 


Number of quadrats 
(i.e. area sampled) 


pin (knitting needle) 


other holes 


sing nut 


wooden frame 


ground 
level 


three plant species 
which needle will 
touch 


Fig 13.13 Pin frame or point quadrat 


13.2.3 Methods of estimating population 

size 

In all studies in quantitative ecology it is 
essential to be able to estimate, with a degree of accuracy, 
the number of organisms within a given area of ground or 
volume of water or air. In most cases this is equivalent to 
estimating the population size, and methods employed are 
determined by the size and mode of life of organisms 
involved and the size of the area under investigation. The 
numbers of plants and sessile or slow-moving animals in a 
small area may be counted directly, or their percentage 
cover or abundance estimated, whereas indirect methods 
may be required for fast-moving organisms in large open 
areas. In habitats where organisms are difficult to observe, 
because of their behaviour and mode of life, it is necessary 
to estimate numbers of organisms using either the removal 
method or the capture-recapture method. Methods of 
estimating populations may be either objective or subjec- 
tive. 

Objective methods 
The use of quadrats, direct observation and photography 
are known as direct counting methods, whereas the 
removal and capture-recapture techniques are indirect 
counting methods. 


Quadrat. If the number of organisms within 
a number of quadrats, representing a known fraction of the 
total area, are determined, an estimate of the total 
numbers in the whole area can be obtained by simple 
multiplication. This method provides a means of calculat- 
ing three aspects of species distribution. 

(1) Species density. This is the number of individuals of a 
given species in a given area, such as 10 m~. It is obtained 
by counting the number of organisms in randomly thrown 
quadrats. The method has the advantages of being 
accurate, enabling different areas and different species to 
be compared and providing an absolute measure of 
abundance. The disadvantages are that it is time- 
consuming and requires individuals to be defined, for 
example is a grass tussock counted as one plant or does 
each plant of the tussock need to be counted? 


(2) Species frequency. This is a measure of the 
probability (chance) of finding a given species with any one 
throw of a quadrat in a given area. For example, if the 
species occurs once in every ten quadrats it has a frequency 
of 10%. This measure is obtained by recording the 
presence or absence of the species in a randomly thrown 
quadrat. (The number present is irrelevant.) In this 
method the size of the quadrat must be stated since it will 
influence the results, and also whether the frequency refers 
to ‘shoot’ or ‘rooted’ frequency. (For ‘shoot’ frequency the 
species is only recorded as present if foliage overlaps into 
the quadrat from outside. For ‘rooted’ frequency the 
species is only recorded as present if it is actually rooted in 
the quadrat.) This method has the advantage of being quick 
and easy and useful in certain large-scale ecosystems such 
as woodland. The disadvantages are that quadrat size, 
plant size and spatial distribution (that is random, uniform 
or clumped) (section A2.8) all affect the species frequency. 


13.2 Whatis the species frequency of the 
species recorded in 86 quadrats out of 200 thrown? 


(3) Species cover. This is a measure of the proportion of 
ground occupied by the species and gives an estimate ofthe 
area covered by the species as a percentage of the total 
area. It is obtained either by observing the species covering 
the ground at a number of random points, by the subjective 
estimate of percentage of quadrat coverage or by the use of 
a pin frame (fig 13.13). This is a useful method for 
estimating plant species, especially grasses, where indi- 
viduals are hard to count and are not as important as cover. 
However it has the disadvantages of being slow and 


tedious. 


13.3 If a pin frame containing ten pins 
was used ten times and 36 units were recor 
plant X, what is the percentage cover of X? 


Direct observation. Direct counting is not 
only applicable to sessile or slow-moving animals but also 
to many larger mobile organisms such as deer, wild ponies 
and lions, and wood pigeons and bats as they leave their 
roost. 


Photography. It is possible to obtain popula- 
tion sizes of larger mammals and sea birds which 
congregate in open spaces by direct counting from aerial 
photographs. 


Removal method. The removal method is 
very suitable for estimating numbers of small organisms, 
particularly insects, within a known area of grassland or 
volume of water. Using a net in some form of standard 
sweep, the number of animals captured is recorded and the 
animals kept. This procedure is repeated a further three 
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Number in Cumulative 
sample sample size 
120 0 
93 120 
60 213 

35 273 


Number in sample 


ot L L L L L J 
100 200 300 400 500 600 
Cumulative sample size 


Fig 13.14 Graph of number in sample against cumulative 
sample size. Extrapolation of the line to the point when 
sample size equals zero gives an estimate of the number 
in the population 


times and the gradually reducing numbers recorded. A 
graph is plotted of number of animals captured per sample 
against the previous cumulative number of animals 
captured. By extrapolating the line of the graph to the point 
at which no further animals would be captured (that is 
number in sample — 0) the total population may be esti- 
mated, as shown in fig 13.14. 


Capture-recapture method. This method 
involves capturing the organism, marking it in some way, 
without causing it any damage, and replacing it so that it 
can resume a normal role in the population. For example, 
fish are netted and their operculum tagged with aluminium 
discs, birds are netted and rings attached to their legs, small 
mammals may be tagged by dyes, or by clipping the ear or 
removing a toe, and arthropods are marked with paint. In 
all cases some form of coding may be adopted so that 
individual organisms are identified. Having trapped, 
counted and marked a representative sample of the 
population the individuals are released in the same area. At 
a later stage the population is retrapped and counted and 
the population size estimated using the expression below: 


number of organisms x number of organisms 
Estimated total in initial sample in second sample 


population m 


number of marked organisms recaptured 


This estimate of population size is called the Lincoln index. 
Itrelies on a number of assumptions which are summarised 
below. 


(1) Organisms mix randomly within the population. (This 
does not always apply since some organisms live in 
colonies, troops or shoals.) 

(2) Sufficient time must elapse between capture and 
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recapture to allow random mixing. The less mobile the 
species the longer the time lapse must be. 

(3) It is only applicable to populations whose movement is 
restricted geographically. 

(4) Organisms disperse evenly within the geographical 
area of the population. 

(5) Changes in population size as a result of immigration, 
emigration, births and deaths are negligible. 

(6) Marking does not hinder the movement of the 
organisms or make them conspicuous to predators, 
Where plants and small animals, such as barnacles, are 
concerned, direct counting becomes very tedious and, 
depending upon the degree of accuracy required from the 
study, may be replaced by estimating percentage cover or 
abundance within a quadrat frame. In the early stages of 
estimation it is advisable to use a graduated quadrat frame 
(fig 13.11) to increase the accuracy of estimation. Various 
schemes may be adopted for representing percentage cover 
or abundance, some being totally subjective. others 

partially, or completely, objective. 


13.4 In an attempt to estimate the num- 
ber of trout in a small lake, 625 trout were netted, 
marked and released. One week later 873 trout were 
netted and of these 129 had been marked. What was 
the estimated size of the population? 


Subjective methods 


These involve some form of frequency assessment. fre- 
quency scale or estimate of abundance in terms of cover. 
For example, an arbitrary scale devised by Crisp and 
Southward for limpets on a rocky shore uses the follow ing 
letters, frequencies and percentages. 


A abundant > 50% 

C common 10-50% 

F frequent 1-10% 

O occasional < 1% 

R rare present — only a few found in 30 min 
searching 


These assessments and scales are arbitrary and the 
frequencies can be adjusted to varying percentage values, 
for example in a particular study, abundant may represent 
> 90%. The value of using the five categories above is that 
they can be applied to methods of presenting data, such as 
in constructing kite diagrams, as described in section 
A2.7.3. The major disadvantage of this method is that it is 
subjective and tends to rate small species with poor cover 
lower than conspicuous species, flowering species and 
species occurring in clumps. 
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Ecological research projects and 
investigations 


Ecological projects are broadly concerned 
with studying either the organisms in an area (synecology) 


or a single species (autecology). In both cases it is necessary 

to spend time reading about and discussing the project so as 

to clarify the aims, nature and extent of the project. All 
investigations should include problems which have to be 
solved or hypotheses to be tested. 

The aims of the project should be stated clearly and 
should include both general and specific aims. For 
example: 

(1) to develop and encourage an attitude of curiosity and 
enquiry; 

(2)to develop the ability to plan an investigation, 
construct hypotheses and design experiments; 

(3) to develop the ability to formulate questions and 
collect relevant qualitative and quantitative data to 
answer these; 

(4) to develop practical and observational skills including 
the use of apparatus and biological keys; 

(5) to develop the ability to record data accurately; 

(6) to develop the ability to apply existing knowledge to 
the interpretation of data; 

(7) to develop a critical attitude to data, assessment of 
their validity and conclusions based on them; 

(8) to develop the ability to communicate biological 
information by means of tables, graphs and the 
spoken and written word; 

(9) to develop an appreciation of organisms and the 
importance of conservation; 

(10) to develop an understanding of the interrelationships 
between organisms, between organisms and their 
environment, and the dynamic aspects of ecology. 
This can be extended to further aims which are specific 
to the study as described in section 13.5. 


13.3.1 Writing up the project or 


investigations 


Irrespective of the quality of both the inves- 
tigation and the data obtained, the project or investigation 
is of little use to other scientists until it is presented as a 
report and this should take the following form. 

(1) Introduction: including the idea, the problems, hypoth- 
eses and aims (that is what you set out to do and 
why). 

(2) Method: the strategy of the project (that is what you did 
(was done), where and how it was done including all 
practical details of apparatus and techniques employed 
both in the field and in the laboratory). 

(3) Results and observations: tabulated data, graphs, 
histograms, profiles, presence-absence graphs, kite 
diagrams and any other relevant and realistic way of 
representing data and relationships clearly and concise- 
ly. 

(4) — of results: this involves an analysis of the 
results, preferably quantitative if possible, tentative 
conclusions based on data presented and references to 
already published material. 


(5) Discussion of significance of conclusions: criticisms of 
the techniques employed, sources of error and sugges- 
tions for further study. 

(6) List of references consulted. 


13.4 


A synecological investigation 


A synecological investigation involves study- 
ing the abiotic and biotic elements associated with a natural 
community (biotic element of ecosystem) found in a 
particular defined geographical area (or ecosystem) such as 
an oak woodland or a rocky shore, which may contain 
several plant and animal species and possibly several 
habitats. In such an investigation it is necessary to carry out 
the following exercises: 

(1) map the area and habitat(s) in plan view and, if 
necessary, in profile; 

(2) identify the species and estimate the number of each 
species present; 

(3) measure (possibly collect and analyse) the abiotic 
factors within the habitat(s). 

The overall aim of such an investigation is to determine 
the qualitative and quantitative relationships between the 
plant and animal populations within the area being studied 
and the possible interactions between these and edaphic, 
topographic and climatic factors. Given this information, it 
is possible to explain the nature and extent of the factors 
governing the number and distribution of organisms in 
terms of a food web and, depending upon the sophistica- 
tion of the investigation, pyramids of numbers, standing- 
crop biomass and energy. 


13.4.1 Mapping an area 


Plan view 

The following simple method is designed primarily for 

mapping a small area, such as a grassland 10 m x 10 mora 

small pond, but can be used on a larger scale, for example 
to map the whole rocky shore of a bay. 

(1) Select the approximate area to study and stretch a 
measuring tape along one side of the area. This marks 
the base-line A Y (fig 13.15). 

(2) From the base-line measure the perpendicular distance 
to certain natural landmarks within the area or marker 
poles showing the limit of the study area. Record these 
measurements. 

(3) Transfer the measurement of AY and the various 
perpendicular distances to a sheet of squared paper 
using a suitable scale. 

(4) Using the base-line and measured distances to perpen- 
dicular landmarks drawn in (3) above as a guide, 
complete the map freehand. 

(5) If the area is relatively small divide the actual base-line 
AY into an equal number of sections and from these lay 
out perpendicular string line transects. Repeat the 
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procedure using the extreme left transect AF as a new 
base-line to produce a string-grid, as shown in fig 13.16. 
Draw these grid lines on the map and label them using 
A, B, C etc. along one edge and 1, 2, 3 etc. along the 
other edge. 

(6) Mark the positions of obvious structural and vegeta- 
tional zones. 

(7) Using a quadrat frame, pin frame or sweep net, 
depending on the area, systematically sample the area 
from, say, left to right and record the species present 
and their numbers or abundance. 

(8) If the area is extremely large and a qualitative and 
quantitative study is required, belt transects spaced out 
at set intervals across the area, and set at right-angles to 
any suspected zonation, can be used in conjunction 
with quadrats to sample the area at particular points 
called stations. Direct measurements of the abiotic 
features of the environment should be made as 
frequently as possible or samples removed for subse- 
quent analysis. 


Fig 13.15 A suggested method of mapping the significant 
aspects of an area, such as a small, irregularly shaped pond 


Fig 13.16 Map of the area under investigation showing the 
various subsections, for example A1-E5, obtained by the use 
of a string grid. These provide reference areas for subsequent 
study 
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Plotting a height profile 


In some areas, distribution of organisms may be influenced 
by a factor related to height, such as on a rocky shore. Here 
the length of time each part of the shore is exposed due to 
the vertical motion of tides is height dependent. In such 
cases it is necessary to produce a height profile showing 
how the height along the transect varies, as from high to 
low water marks in the rocky shore example used below, At 
each point (station) along the transect where the commun- 
ity is sampled the height should be obtained accu: ately by 
the use of a surveying theodolite and measuring points, 
Over short distances a simple home-made levelling device 
attached to a reference pole, and a graduated pole can 
achieve relatively accurate results as described below (fig 
18.17). 

(1) Attach the levelling device at a convenient height (A), 

such as 1.5 m, on the measuring pole. 


(2) Set out a line transect from high water mark to the 
water's edge. 

(3) Set up the reference pole at a specific point. such as 
high water mark, on the transect and the marker pole at 
a known distance (x) further down the shore. Mark 
these positions on the transect and label them A «nd B. 
Keep to one side of the transect line whilst taking 
readings to avoid trampling on the specimens to be 
studied. 

(4) When the wooden sighting bar is horizontal. | long 
the sighting tube with a point on the marker pole. The 
exact position of this point is then located by the person 
holding the marker pole and the height (/:.) led. 
The height difference between the stations is qual to 
hy—h,. 

front view Site of 

showing cross- threads recording pole 

cross sellotaped cardboa :hting 

threads down tube (Smarties tube) 

D------f Fy V- 

» | wooden bar 
drawing pin 


thread 


NC Sears reference 


weight 


reference 
line 


90° 


Fig 13.17 A simple home-made levelling device attached to 
a reference pole. The position of the pole is adjusted until the 
sighting bar is shown to be horizontal by the thread indicating 
90° on the reference point on the pole. Holding the pole 
steady, the observer looks along the sighting tube and 
indicates to the person holding the graduated pole the 
corresponding level position on his pole, as shown by the 
cross-wire sites. This height is recorded 


(5) Move the reference pole to station B and the marker 
pole a known distance (x,) to station C. Repeat stages 
(3) and (4) and record the new height (/1,) (fig 13.18). 

(6) Continue to obtain readings h,, hs and so on, distances 
X4, X, and so on and stations D, E and so on to the 
water's edge at low water. Record all distances as 
shown in table 13.3, and calculate the heights and 
horizontal distances of the stations above the low water 
mark. 

(7) Transfer these data to a scale representation of the 
shore profile and mark on the positions of the stations 
(fig 13.19). 


marker 
pole 


reference 
pole 


station "w-— low water mark 
B XM 
station 

c 


Fig 13.18 Methods of obtaining heights and horizontal 
distances of stations above low water mark 


Fig 13.19 Data from table 13.3 plotted as a profile of the 
rocky shore and showing the positions of stations A-J where 
sampling was carried out. (Note the x axis has a scale of 10m 
= 1 unit, whereas the y axis has a scale of 1 m = 1 unit. 

This produces an artificial distortion of the shape of the 

profile, but it does show where the steep and level regions of 
the shore are found.) 


Table 13.3 Horizontal and vertical distances recorded at 
stations A-K on a rocky shore. Northumberland 1968. 


Horizontal Height between Height above 
distance/m stations/m low water/m 

Station (x, x, etc.) ((h,—h,) etc.) ((A,-h,) ete.) 

A 0 9.6 

B 20 = 8.1 

[c 40 18 6.4 

D 60 0.8 4.6 

E 80 0.6 3.8 

F 100 07 3.2 

G 120 09 2.5 

H 140 0.8 1.6 

I 160 04 0.8 

J 180 04 0.4 

K 200 0 

13.4.2 Identifying and estimating the 


number of each species present 


Line and belt transects, frame quadrats and 
pin frames are used to sample systematically the area as 


a key and the number of organisms are either counted 
directly or estimated as described in section 13.2.3. 


Recording and representing data 


Data should be recorded directly they are 
obtained using some form of field booking sheet. In the 
case of synecological investigations of marine habitats the 
information shown on the booking sheets illustrated in 
tables 13.4 and 13.5 has proved successful. These sheets are 
best attached to a clip-board, completed in pencil and kept 
in a large polythene bag to protect them from rain. Once all 
the data have been collected they must be represented in 
some suitably efficient diagrammatic form that will high- 
light relationships between organisms and/or the nature of 
the environment. Methods of representing data are given 
in section A2.7 and include presence-absence graphs, kite 
diagrams, and histograms. Trophic pyramids are described 


13.4.3 


10 7A 
1 in section 12.3.6. Some examples of the use of all four 
methods of representation are included in figs 13.20-13.22. 
E 8r 
Z 
a or 
$ 4L 
5 
E) 
T L 
" I 
9 K 
n i L L 1 - d 
0 35 49 60 80 100 120 140 160 180 200 


Horizontal distance down shore/m 
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Table 13.4 Suggested format of field booking sheet. 


Field Booking Sheet - Marine Ecology 

(1) Name ofsite and grid reference 

(2) Nature of profile (rocky, sandy, muddy, dune) .... 

(3) Sketch map of area showing area(s) of study/position(s) of 
transects. 


(4) Special features (exposure, aspect, etc.) ... 

(5) Date 

(6) Weather, conditions . 
(7) Tide data: 

predicted high water .. 

a low water . 

observed high water 

- low water . 

predicted tidal range ... - 

(8) Notes and key to recorded data (abundance scales — % cover, 

reference height of level, e.g. A, etc.) 


Fig 13.21 (opposite) Composite diagrammatic representation 
of the zonation of flora on a rocky shore. The following data 
are recorded: (a) shore profile, (b) stations A-Y at 10 m 
intervals, (c) shore zonation according to tidal ranges, (d) 
presence-absence graph of plant species, (e) bar chart 
showing total number of species at each station. These data 
were recorded by a group of sixth-form students using a belt 
transect and a 1 m^ quadrat frame on a rocky shore on the 
Gower Peninsula, S. Wales, July, 1981 


Table 13.5 Data required on a booking sheet for investigating the synecology of marine habitats. 
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Fig 13.20  Kite-diagrams showing the frequency and distribution of four common species of periwinkle, Littorina, on 
a rocky shore on the Dale peninsula, Pembrokeshire, April 1976. See table 13.6 for data 


418 


> 
& 


Height above low water/m 


Distance down shore/m 


(b) | stations a dB oO D.ReBecRleled d pow NOST OR S TU Vw X FY 

LLL a LLL i LL a 1L — LLL SS ee ee —— —. AL——É—. —L J 
í zone splash | upper middle shore lower shore | sublittoral zone 
A zone | shore 


(d) 
Plant species 


aloplaca sp. 


Verrucaria maura 


Pelvetia canaliculata Ez) 
Chaetomorpha sp. Ea 


Enteromorpha intestinalis 


Fucus spiralis 
Porphyra umbilicalis [EE 


Cladophora sp. 


Chondrus crispus 


Ceramium rubrum a ee) 

Fucus vesiculosus Eus] 

Lerocarpus sp. @ fe) 

Fucus ceranoides Es) E] [m 

{ycophyllum nodosum L1 ats :] 

Polvsiphonia sp. [pube 77v] 

Ulva lactuca gue] 

Fucus serratus He 2) 


Corallina officinalis Es] 


Lithothamnion sp. 


Rhodymenia palmata 


Laurencia sp. 


Eg 
Gigartina stellata = 
o 


Furcellaria fastigiata 


Lomentaria articulata CESES 


Laminaria digita 
k B C DIRE G HT 


fe) 


Station 


Total number 
of species 


419 


DIZZeeuoeurnn- 


Pelvetia canaliculata 


Fucus spiralis 


Ascophyllum nodosum 


Fucus serratus 


Fucus vesiculosus 


0.5 
20.7 
3030 


scale_____)400 


0.5 
71.3 


3778 


scale to 400 


5,5 
103 
13428 
scale L 2000 


9.8 
393 
4165 
scale! — —— — 51000 


0.5 
215 
5625 
scale! 41000 


Fig 13.22 Trophic pyramids of standing crop biomass for 
five rocky shore communities based on particular algal 


primary producers. The numerical values represent estimates 


of standing crop biomass in g m ?. The stippled areas 
represent primary producers, the cross-hatched areas 
represent primary consumers (herbivores and detritus 


feeders) and the solid areas represent secondary consumers 
(carnivores). It must not be assumed however, that each 
trophic level is supported entirely by the level beneath 
Northumberland coast, March 1969. (After D. A. S. Smith 
(1970) School Science Review, ASE). 


Table 13.6 The distribution of four common species of the periwinkle, Littorina on a rocky shore on the Dale 
peninsula, Pembrokeshire. April 1976. These data are represented graphically by the kite-diagrams shown in fig 13.20. 


L. neritoides L. saxatalis L. littorea L. littoralis 
Height above low waterlm 
number scale number scale number scale number scale 
9-10 63 10 = E: = - E " 
8-9 54 10 - - - < - 
7-8 7 4 3 2 = = 2 2 
6-7 - - 8 4 1 1 - = 
5-6 = - 7 8 3 2 2 2 
4-5 - - 6 4 13 6 9 4 
3-4 - - 1 1 6 4 16 8 
2-3 - - = - 2 2 5 4 
1-2 = Em = - 1 1 1 1 
0-1 - - - - - - = - 


Abundance scale: 220 = 10; 19-15 = 8; 14-10 = 6; 9-5 = 4; 4-2 = 2; 
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1-21. 


13.4.4 Collecting and analysing abiotic 


factors 


The amount of time spent on this stage of a 
synecological investigation will depend upon the nature of 
the area being studied. It is more applicable to areas where 
edaphic factors predominate, such as woodland, grassland 
and salt marsh, than to a rocky shore. The abiotic factors to 
be studied and the methods of study are described in 
section 13.1. 


13.5 


An autecological investigation 


An autecological investigation involves study- 
ng all the ecological factors related to a single plant or 
inimal species throughout its life cycle. The aim of the 
nvestigation is to describe as precisely as possible the 
cological niche of the species. The species selected for 
study should be one which is both common and locally 
ivailable. Initially the investigation should concern itself 
with undertaking extensive background reading on the 
pecies selected. During the reading, notes should be made 
in all aspects of the biology of the species and also on 
opportunities for practical work. This may involve either 
repeating investigations carried out by others or develop- 
ing new investigations to be undertaken as part of the 
urrent study. 


A straightforward approach to an autecological study is * 


to prepare a comprehensive list of the questions which must 
be answered in order to reveal all there is to know about the 
species under investigation. The study should be under- 
taken as rigorously as possible and treated as a research 
project. Therefore it must involve some measure of 
original investigation including observation, measurement 
and experimentation. It must not simply be a report based 
on knowledge gleaned from reading books, journals and 
magazines. The species under investigation should be 
studied over a period of at least one full year. 

A guide to the sorts of questions to be asked in the 
investigations of an animal is given below. 

(1) Classification. What is the name of the species? What 
other groups of organisms does it resemble most 
closely? What are the similarities and differences 
between related species? What is its full taxonomic 
description? ] 

(2) Habitat. Where is it found? What are the characteris- 
tic abiotic features of the area? How do these factors 
change over the course of a year? . 

(3) Structure. What is its adult structure? What are its 
characteristic external features? What are its dimen- 
sions and mass? 

(4) Movement. How does it move from place to place? 
Which parts of the organism are involved in the 
movement and what are the functions of these parts? 
How are these parts adapted to the environment? 

(5) Nutrition. What are the food sources of the organism? 


When does the organism feed? How much food is 
eaten? How is the food captured and ingested? What 
special features assist ingestion? Are there any 
unusual features of digestion and absorption? 

(6) Respiration. Where is the gaseous exchange surface? 
How does gaseous exchange occur?) How much 
oxygen is required by the organism? 

(7) Excretion. What are the waste products of metabol- 
ism? How are these removed from the organism? 
What special organs of excretion are present? 

(8) Reproduction. Are the sexes separate? What visible 
external differences are there between the sexes? 
Does any form of courtship occur? Does the organism 
defend a territory? How does mating occur? When 
does mating occur? How often does mating occur? 
How many gametes are produced? Where does 
fertilisation occur? 

(9) Life cycle. How long does development take? What 
degree of parental care is shown? Are there larval 
stages? When do adults become sexually mature? 
What is the typical life span of an individual of the 
species? 

(10) Behaviour. How does the organism receive stimuli? 
To which stimuli does the organism mainly respond? 
How are the major sense organs adapted to the mode 
of life of the organism? To what extent does learning 
occur? How does the organism react to other 
members of the same species? How does the species 
react to unfavourable weather conditions? How does 
the organism communicate? 

(11) Ecology. How many organisms occur in the popula- 
tion? What other organisms live in the same habitat? 
How are the various species distributed within the 
habitat? How is the species related to other species in 
the same habitat in terms of position in food chains 
and food webs? Is the organism a host, parasite or 
symbiont? What is the ecological niche of the species? 


Similarly the sorts of questions to be asked in the 
investigation of a flowering plant are given below. 

(1) Classification. What is the name of the species? What 
subspecies, varieties and ecotypes of the species exist? 
What are the similarities and differences between 
closely related species? What is its full taxonomic 
description? 

(2) Habitat 
(a) Edaphic factors — What is the parent rock type? 

What type of soil profile is shown? How thick 
are the various horizons? What is the percen- 
tage water content (field capacity) of the soil? 
What is the percentage organic content of the 
soil? What is the mineral composition of the 
soil? What is the pH of the soil? What is the 
height and seasonal variation of the water table 
in relation to the life history and distribution of 
the species? 


421 


(b) Climatic factors- What are the extremes and mean 
temperatures in the habitats? What is the annual 
rainfall in the habitats? What is the mean relative 
humidity of the air in the habitats? What is the 
direction of the prevailing wind? How much light 
is received by the plant? 

(c) Topographical factors — To which direction is the 
species normally exposed? Does the species 
appear to prefer exposed or sheltered sites? 
Does the species appear to prefer sloping or flat 
habitats? Does altitude appear to affect the 
distribution of the species? 


(3) Structure. How extensive is the root system? What 


form does the root system take? How does the stem 
branch? How many leaves are carried on each branch? 
What shapes are the leaves? What variations in length 
and breadth exist between the leaves? How tall does 
the plant grow? 


(4) Physiology. What pigments are present in the leaves 


and petals? Which surface of the leaf has the highest 
transpiration rate? What effect has darkness on 
transpiration rate? Do diurnal changes in water content 
of leaves occur? 


(5) Reproduction. 


(a) Flower — How many flowers are produced per 
plant? How many and of what shape and size are 
the sepals, petals, anthers, carpels or pistil? What 
variation in petal colour exists? What pigments are 
present in the leaves? When does flowering begin? 
How long is the flowering period? How does 


pollination occur? What adaptations to insect or 
wind pollination are shown? 

(b) Fruit and seeds — How are the fruits formed? What 
is the structure of the fruit? How many seeds are 
produced per flower? How are fruits and seeds 
dispersed? How far are fruits and seeds dispersed? 

(c) Perennation — How does vegetative propagation 
occur? What are the organs of perennation? At 
what rate does the species colonise an area? 

(6) Life cycle. What type of seed is produced? What 
conditions are required for germination? When do the 
seeds germinate? What percentage of seeds germinate? 
Which form of germination occurs? At what rate does 
the shoot system develop? What is the extent of growth 
in terms of space and time? (Why do some of the 
seedlings not become mature?) 

(7) Ecology. Does the species grow as solitary plants or in 
patches? What size are the patches? Which species 
grow in the same habitat? What degree of competition 
exists between the species being studied and other 
species? Is the species a parasite, host or symbiont? 
How is the species related to animals in terms of 
position in the food web? Does the species ofle: 
protection or shelter to animals? If so, which animals 
and how is this provided? What is the ecological niche 
of the species? 

Fungi, algae, mosses, liverworts or gymnosperms may be 

used in autecological studies and the questions above may 

be modified as appropriate to the species under investiga 
tion. 
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Answers and discussion 


Chapter 2 


2.1 
Time (in units of 20 min) 0 1 2 Ed 4 S 6 7 8 9 10 
^ Number of bacteria 1 16 32 64 128 256 512 1024 
B Logu number of bacteria 0.0 0.3 0.6 0.9 1.2 15 1.8 2.1 2.4 2.7 3.0 
C Number of bacteria expressed 
as power of 2 2 2 2 2 24 2 26 27 28 2 2o 


Graph A (an arithmetic plot) increases in steepness as time 
progresses. Graph B (a logarithmic plot) is a straight line 
(increases linearly with time). See fig 2.1(ans). 

2 The graph would be as fig 2.7. 

3 See fig 2.3(ans). 
Factors responsible for the changes are discussed in section 
2.2.4, The difference in the growth curve of living bacteria 
compared with living and dead bacteria is due to the 
following: 
(a) a few cells die during lag and log phases; 
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Fig 2.1(ans) Growth of a model population of bacteria as 
plotted on arithmetic and logarithmic scales 


(b) during the stationary phase the combined total of living 
plus dead cells continues to increase slowly for some time 
since some cells are still reproducing. 
(c) during the phase of decline the combined total of living 
plus dead cells remains constant, though many are dying. 
2.4 Generation time is the time taken for numbers to double 
during the log phase. This is about 2.5 h. 
2.5 (i)(a) louse (b) Man 
(ii)(a) mosquito or tick (b) Man (also monkeys) 
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Fig 2.3(ans) Growth of a bacterial population 


423 


Chapter 3 


3.1 Consult tables 3.1 and 3.2, chapter 3. 


3.2 The sporangiophores bear the sporangia above the main 
mycelium so that the spores are more likely to catch air 
currents and be dispersed. 


3.3 


Plant and animal characteristics of Euglena gracilis 
Animal Plant 


Gullet present — could indicate 
animal ancestry 


Photoautotrophic 
Chlorophyll a and b present 
Pyrenoids present within 
chloroplasts 


Can utilise amino acids from Can utilise nitrates of 
surrounding environment for environment for nitrogen 
nitrogen needs needs 


Unable to synthesise vitamins 

B, and B, 
Reserve carbohydrate is 
paramylum (related to food 
reserves of red and brown 
algae and diatoms). Does not 
store glycogen 

Powers of locomotion are 

animal-like, especially 

myoneme activity during 

euglenoid movement 

Locomotion associated with 

sensitivity enabling rapid 

responses 

No distinct cell wall — organism 

surrounded by thin plasma 

membrane 

This necessitates 

osmoregulation by 

contractile vacuoles 

Presence of an animal pigment 

(astaxanthin) in the eyespot 


3.4 There is greater nutrient availability in lowland reservoirs 
because the rivers flowing into them have had longer to 
accumulate nutrients, particularly from cultivated areas 
where fertilisers may be used. 

3.5 Algae have autotrophic nutrition. Pathogens are parasites or 
saprophytes, obtaining food from their hosts. 

3.6 Amphibians, like liverworts and mosses, are only partially 
adapted to life on land, having bodies which easily lose water, 
and they still rely on water for sexual reproduction. Both 
groups of organisms are also believed to represent intermedi- 
ate stages in the evolution towards more advanced forms 
which are better adapted to life on land. 

3.7 The sporophyte has become adapted for life on land although 
the gametophyte is still dependent on water for swimming 
gametes. The sporophyte generation has true vascular tissue 
and true roots, stem and leaves with which to exploit the land 
environment more successfully. 

The sporophyte is the dominant generation, the life of the 
gametophyte being short. 
The mature sporophyte is no longer dependent on the 
gametophyte. 

3.8 (a), (c) and (d) 
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3.9 Sexual reproduction is dependent on water since it involves 

free-swimming sperm. 

The gametophyte thallus is susceptible to desiccation. 

The plants are often relatively intolerant of high light 
intensities. 

3.10 By asexual reproduction, either vegetative (see text) or by 
dissemination of spores. (Sexual reproduction does not result 
in spread because the zygote grows from the previous 
gametophyte generation — contrast spermatophytes. ) 

3.11 (a) The zygote is located in the venter of an archegonium of 
the previous gametophyte generation. Thus it is protected by 
the archegonium and the surrounding tissues of the game 
tophyte. 

(b) The gametophyte generation from which the zygot 
develops is photosynthetic and provides the zygote witi 
food. 

3.12 The Dryopteris spore can develop wherever it falls 
providing conditions are moist and fertile. Pollen grains mu 
reach the female parts of the sporophyte. 

3.13 The megaspore is large because it must contain sufficien 
food reserves to support the female gametophyte anc 
subsequent development of the embryo sporophyte until th 
latter becomes self-supporting. Microspores, by being smal 
can be produced economically in large numbers and are lii) 
enough to be carried by air currents, thus increasing th 
chances of the male gametes that they contain reaching th 
female parts of the plants. 


Chapter 5 


5.1 The molecular formula shows the number of each type o 
atom. The structural formula shows the arrangement of t 
atoms relative to each other. Note that angles of bonds can 
also be shown; see figs 5.3 and 5.4, for example. 
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C,H,,, octane 


C,H,, benzene 


5.3 H N "— JH 
HZ Na 
5.4 triose CHO, hexose — C,H,O, 
tetrose C,H,O, heptose | C.H,,O. 


pentose  C,H,O, 

5.5 (a) Valency of C = 4,0 22, H = 1. 
(b) Molecular formula is C;H,O, in both cases; the com- 
pounds are therefore trioses. 
(c) Each contains two hydroxyl groups. This could have been 
predicted, since it has already been explained that in 
monosaccharides all the carbon atoms except one have a 
hydroxyl group attached. 
(d) Glyceraldehyde contains a secondary alcohol group, 

>CHOH 

Dihydroxyacetone contains a primary alcohol group 
—CH,OH at both ends of the molecule. 
(Hydroxyl and carbonyl groups are parts of these larger 
groups.) 

5.6 Pentoses: ribose, ribulose 
Hexoses: glucose, mannose, galactose, fructose 


5.7 (a) See fig 5.7(ans). 
(b) This is optical isomerism. 
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Fig 5.7(ans) The a and isomers of D-glucose and 
)-ribose 


.8 a-glucose 

.9 Cellulose is made of f-glucose residues. The —OH group on 
C atom 1 is at 180* to the —OH group on C atom 4. Since 
these groups must come alongside each other in adjacent 
residues to form a glycosidic link, adjacent residues have to 
be at 180° to each other. 

5.10 Relevant information is provided in sections 5.2.3 and 5.2.4. 

.11 The principal sources of variation are as follows. 

(a) Use of both pentoses and hexoses. Although normally 
only one monosaccharide is used, sometimes two are used in 
alternating sequence (such as in murein) and in a few complex 
polysaccharides more may be used. 

(b) Two types of linkage, 1,4 and 1,6, are common between 
residues. Thus branching can occur. (Other linkages, such as 
1.2 and 1,3, are possible because every hydroxyl group in a 
monosaccharide can participate in a condensation.) 

(c) Lengths of chains and branches, and extent of branching 
can vary enormously. 

(d) Different optical isomers exist. Most naturally occurring 
isomers are p- rather than L-isomers so little extra variation 
comes from this. However a- and f-forms are important. 
(Compare starch and cellulose.) 

(e) Sugars may be ketoses or aldoses. Ketohexoses form 
five-membered, and aldohexoses six-membered rings. 

(f) The high chemical reactivity of sugars (aldehyde, ketone 
and hydroxyl groups) means that they combine readily with 
other substances to form related compounds, such as amino 
sugars and acid sugars. These can participate in building 
polysaccharides. 

5.12 One that occurs when two compounds are joined by the 
elimination of a water molecule. 

5.13 Body temperatures of poikilothermic animals become lower 
in cold environments. Lipids rich in unsaturated fatty acids 
(which have low melting points) generally remain liquid at 
temperatures lower (usually 5 °C or lower) than those rich in 
saturated fatty acids. This may be necessary if the lipid is to 
maintain its function, such as a constituent of membranes. 

5.14 Triolein because it contains three unsaturated oleic acid 

molecules. Tristearin is a fat, triolein an oil. 
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5.15 (a) Cell respiration (internal or tissue respiration). Fat 
undergoes oxidation. 
(b) Only the hydrogen part of carbohydrate and fat 
molecules yields water on oxidation (2H, + O, —> 2H;O) 
and fats contain relatively more hydrogen than carbohydrates 
on a weight basis (nearly twice as much). 


5.16 
1 H H H 
H | I^ o 
Sn-c—ctn—c— + =el 
H | ME | OH 
CH, H CH,OH 


*peptide bond. 


5.17 (a) AAA AAB ABA ABB 
BAA BAB BBA BBB 
(b) =8 
(c) 2™ = 1.27 x 10” 
(d) 20™ = 1.27 x 10™” This is much larger than the number 
of atoms in the Universe (estimated at about 10")! Thus, 
there is an effectively infinite potential for variation among 
protein structures. 
(e) 20" where nis the number of amino acids in the molecule. 

5.18 The outstanding feature is that the ratio of adenine to 
thymine is always about 1.0, and so is the ratio of guanine to 
cytosine. In other words, the number of adenine molecules 
equals the number of thymine molecules and guanine 
= cytosine. Note also that the number of purine residues 
(adenine + guanine) therefore equals the number of pyrimi- 
dine residues (thymine + cytosine). Also revealed is the fact 
that the DNAs of different organisms have different base 
compositions, in other words the ratio of A:G or T:C is 
variable. 

5.19 Adenine must pair with thymine and guanine with cytosine 
to account for the observed base ratios. 

5.20 Compare the volume of the unknown sample needed to 
reduce the dye with the volume of 0.1% ascorbic acid solution 
needed in the standard described. 

Percentage ascorbic acid in unknown sample = 


volume 0.1% ascorbic acid used in standard 0.1 
volume of unknown sample used 100 


5.21 (a) Carry out Benedict's test on all three solutions. The 
sucrose solution would not give a brick-red precipitate on 
boiling. The glucose and glucose/sucrose solutions could be 
distinguished by pre-treating both as for hydrolysis (see 
non-reducing sugar test) and repeating Benedict's test. The 
glucose/sucrose mix will now show a greater amount of 
reducing sugar. (In practice, different dilutions of the 
solutions may have to be tried for convincing results. 0.05% 
glucose solution, 0.5% sucrose solution and a mixture of 
equal volumes of 0.1% glucose solution and 1.0% sucrose 
solution are suitable.) 

(i) Paper chromatography or thin-layer chromatography. 
(ii) Effect on plane-polarised light using a polarimeter (both 
sucrose and glucose are dextro-rotatory, but sucrose pro- 
duces a greater degree of rotation than glucose). 

(iii) Sucrose is converted to reducing sugars (glucose 
+ fructose) by the enzyme sucrase (invertase). The reaction 
may either be followed using a polarimeter or by Benedict’s 
test. 

5.22 Dissolve 10 g glucose in distilled water and make up to 
100 cm’. (Do not add 10 g glucose to 100 cm’ distilled water 
because the final volume would be greater than 100 cm.) 

5.23 Add 10 cm' of 10% glucose to 50 cm’ of 2% sucrose solution 
and make up to 100 cm’ with distilled water. 
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Chapter 6 


6.1 Excess heat irreversibly changes the secondary and tertiary 
structure of the enzyme. This means that its specific shape will 
be changed and that the amino acids normally located close to 
each other in the functional active site will no longer be in 
such a position. Therefore the active site will be non- 
functional. Normally enzyme conformation is easily dis- 
rupted by high temperatures. 

6.2 (a) Initially the reactions A and B are fast and a lot of product 
is formed. Later, product formation levels off and there is no 
further increase. This may be because (i) all substrate has 
been converted to product, (ii) the enzyme has become 
inactivated, or (iii) the equilibrium point of a reversible 
reaction has been reached, and substrate and product are 
present in balanced concentrations. 

(b) When the temperature is raised, (i) initial reaction rate is 
increased, and (ii) the enzyme becomes less stable and is 
inactivated more rapidly. 
(c) Sensitivity to heat is an indication of the protein nature of 
the enzymes. 
(d) Atlower temperatures (as in curve C) rate of formation of 
product remains constant over 1 h. 

6.3 (a) 5.50 
(b) (i) pepsin, (ii) salivary amylase 
(c) The active site of the enzyme is being destroyed. The 
ionisable groups of the enzyme, especially those of the active 
site, are being modified. Hence the substrate no longer fits 
easily into the active site and catalytic activity is diminished. 
(d) A change in pH results in a change in the activity of most 
enzymes. Each enzyme would have its rate of reaction 
modified to a different extent as each possesses its own 
particular pH activity curve. All cells rely on a delicate 
balance between their enzyme systems, and so any changes in 
enzyme activity could cause the death of the cell or 
multicellular organism. 
(e) See fig 6.3(ans). ð 
Optimum pH for enzyme activity is 6.00. 
From pH 4-6, ionisable groups of the active site are modified 


Time/min 


4 3 6 7 8 


such that the active site becomes more efficient at receiving 
and complexing with its substrate. The reverse is true when 
the pH changes from 6-8. 


6.4 Increasing the substrate concentration increases the probabil- 


ity of substrate molecules fitting into the active sites rather 
than inhibitor molecules. 


6.5 Increased substrate concentration has no effect on the overall 


rate as there is no competition for the active site. Inhibition is 
therefore irreversible. 


6.6 (a) The two sites are located on different parts of the enzyme, 


an active site for complexing with A, and another site specific 
for binding with X. 
(b) (i) X could inhibit e, and therefore only permit 
production of S along the A-S pathway. This situation could 
remain until the surplus of X had been used up. 

(ii) X could accelerate the catalytic activity of e., again 
enhancing the production of S at the expense of X. 
(c) Feedback inhibition. 
(d) Because of enzyme specificity, each step requires specific 
enzymes and this allows for fine control of the pathway 


6.7 (1) All are proteins and synthesised within living organisms 


(2) They catalyse chemical reactions by lowering the 

activation energy required to start the reaction. 

(3) Only small amounts of enzyme are needed to catalyse 

reactions. 

(4) At the end of a reaction the enzymes are unchanged 

(5) Each enzyme is specific and possesses an active site where 

enzyme and substrate combine temporarily to form an 

enzyme/substrate complex before products are released 

(6) Enzymes work best at an optimum pH and optimum 

temperature. 

(7) Being proteins enzymes are denatured by extremes of pli 

and temperature. 

(8) The Q,, of enzymes over a temperature range of 0-40 °C is 

approximately 2. 

(9) Some enzymes work in conjunction with cofactors 

(10) Certain chemical reagents inhibit enzyme activity, as can 
- end-products of metabolic pathways. 


Chapter 7 


7.1 Endoplasmic reticulum, ribosomes, microtubules, microfila- 


ments, microvilli (visible as a ‘brush border’ in the light 
microscope). 

In addition, small structures that are difficult to identify 
with certainty using a light microscope can be easily identified 
with the electron microscope, such as lysosomes and 
mitochondria. 


7.2 (a) cell wall with middle lamella and plasmodesmata, 


chloroplasts (plastids in general), large central vacuole 
(animal cells do Possess small vacuoles, such as food 
vacuoles, contractile vacuoles) 
(b) centrioles, microvilli, Pinocytotic vesicles are more 
commonly seen in animal cells. 


7.3 (a) A: polar head of phospholipid (hydrophilic) 


B: non-polar hydrocarbon tails of phospholipid (hydro- 


PH of solution phobic) 
E C: phospholipid 
Fig 6.3(ans) Activity of catalase on hydrogen peroxide at D: lipid ae 


varying pH (5) cholesterol (the most common sterol) 
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7.4 (a) A Na /K" pump operates whereby efflux of Na' is linked 
to influx of K”. Without K', no Na’ efflux can occur, so Na’ 
accumulates within the cells by diffusion and K^ leaves the 
cells by diffusion. (b) ATP is a source of energy for active 
transport of Na’ ions. 

7.5 Non-polar amino acids are hydrophobic (repelled by water). 
Therefore the signal sequence tends to be repelled by the 
aqueous cytosol around the ribosome until it finds the 
receptor protein in the ER. 


Chapter 9 


9.1 Photoautotrophism is the process by which light energy from 
the Sun is used as an energy source for synthesising organic 
compounds from inorganic materials, with carbon dioxide as 
a source of carbon. Chemoheterotrophism is the process by 
which organic compounds are synthesised from pre-existing 
organic sources of carbon, using energy from chemical 
reactions. 

9.2 (a) autotrophic organisms (b) heterotrophic organisms 

9.3 75 x 10" kg carbon per year [(40 x 10") + (35 x 10")] 

9.4 Solar energy is free; the raw material, water, is abundant; the 
product of combustion is also water, which is non-toxic and 
would not pollute the environment (nuclear power involves 
safety and pollution hazards). 

9.5 Overall form and position 
Large surface area to volume ratio for maximum interception 
of light and efficient gaseous exchange. 

Blade often held at right-angles to incident light, particularly 
in dicotyledons. 

Stomata 

Pores in the leaf allow gaseous exchange. Carbon dioxide 
needed for photosynthesis, with oxygen a waste product. 
In dicotyledons, stomata are located mainly in the shady 
lower epidermis, thus minimising loss of water vapour in 
transpiration. 

Guard cells 

Regulate opening of stomata (ensure stomata open only in 
light when photosynthesis occurs). 

Mesophyll 

Contains special organelles for photosynthesis, the chloro- 
plasts, containing chlorophyll. 1 

In dicotyledons, palisade mesophylls cells, with more 
chloroplasts, are located near the upper surface of the leaf for 
maximum interception of light. Length of the cells increases 
the chance for light absorption. 

Chloroplasts are located near the periphery of the cell for 
easier gas exchange with intercellular spaces. — 
Chloroplasts may be phototactic (that is move within the cell 
towards light). g 

In dicotyledons, spongy mesophyll has large intercellular 
spaces for efficient gaseous exchange (monocotyledons also 
have extensive intercellular spaces). 


Vascular system 3 á E 
Supplies water, a reagent in photosynthesis; also mineral 


salts. Removes the products of photosynthesis. 
Supporting skeleton provided together with collenchyma and 
sclerenchyma. s 

9.6 Chlorophyll a absorption in red light is about twice that of 
chlorophyll b and the absorption peak is at a slightly longer 
wavelength (lower energy). Absorption in the blue is lower 
and shifted to a slightly shorter wavelength (higher energy). 
Note that only very slight differences in chemical structure 


cause these differences. 


9.7 Chlorophyll a has the lower energy of excitation. It is possible 
therefore for chlorophyll b to transfer excited electrons 
(equivalent to energy) to chlorophyll a while still losing some 
energy as heat during the transfer. 

9.8 The dark blue colour of the dye should disappear as it is 
reduced, leaving the green of the chloroplasts. 

9.9 The DCPIP should have remained blue in tubes (2) and (3), 
which were controls. Tube (2) shows that light alone cannot 
induce the colour change, and that chloroplasts must be 
present for the Hill reaction to occur. Tube (3) shows that 
light must be present as well as chloroplasts for the Hill 
reaction to occur. 

9.10 The two organelles closest in size to the chloroplasts are 
nuclei (slightly larger) and mitochondria (slightly smaller). 
More rigorous differential centrifugation or density gradient 
centrifugation would be necessary to isolate pure chloro- 
plasts. 

9.11 Indirect evidence suggests that nuclei and mitochondria 
were not involved in reducing DCPIP because light was 
needed, and these organelles lack chlorophyll or any other 
conspicuous pigment. 

9.12 To reduce enzyme activity. During homogenisation destruc- 
tive enzymes may be released from other parts of the cell, 
such as from lysosomes or vacuoles. 

9.13 Cell reactions operate efficiently only at certain pHs; any 
significant change in pH, caused for example by release of 
acids from other parts of the cell, might have affected 
chloroplast activity. 

9.14 (a) water (b) DCPIP 

9.15 Non-cyclic photophosphorylation only: (i) oxygen was 
evolved (ii) electrons were accepted by DCPIP, therefore 
they could not recycle into PSI. 

9.16 (a) The chloroplasts lack chloroplast envelopes (bounding 
membranes) and stroma. Only the internal membrane system 
remains. 

(b) The medium lacking sucrose was hypotonic to the 
chloroplasts. Without the protection of the cell walls, broken 
during homogenisation, chloroplasts absorb water by osmo- 
sis, swell and burst. The stroma dissolves, leaving only 
membranes. 

(c) The change was desirable because bursting the chloro- 
plasts allows more efficient access of DCPIP to the 
membranes where the Hill reaction is located. 

9.17 The discovery of the Hill reaction was a landmark for several 
reasons: 

(1) it showed that oxygen evolution could occur without 
reduction of carbon dioxide, providing evidence for separate 
light and dark reactions and the splitting of water; 

(2) it showed that chloroplasts could carry out a light-driven 
reduction of an electron acceptor; 

(3) it gave biochemical evidence that the light reaction of 
photosynthesis was entirely located in the chloroplast. 

9.18 If an isotope has a shorter half-life (for example "C, 
20.5 min) it rapidly decays to the point at which it is 
undetectable, thus severely restricting its usefulness in 
biological experiments, which often take hours or days to 
complete. 

9.19 Photosynthesis in Chlorella and higher plants is biochemi- 
cally similar so that Chlorella was used for the following 
reasons: 

(1) Chlorella culture is virtually a chloroplast culture since a 
large volume of every cell is occupied by a single chloroplast; 
(2) greater uniformity of growth can be achieved; 

(3) the cells are very rapidly exposed to radioactive carbon 
dioxide and also quickly killed, so handling techniques are 
easier. 
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9.20 For maximum illumination of algae. 
9.21 


(6 x 1C) + 6x SC — 12 x 3C — 12 x3 


6x5C 10x3C +(2x3) 


a 


This emphasises the cyclic flow of carbon; the complexity of 
Calvin’s cycle is due mainly to the difficulty of converting 
10 x 3C into 6 x 5C. 

9.22 Availability of carbon dioxide, water, light and chlorophyll. 

9.23 (a) In region A light intensity is the limiting factor. 

(b) B: some factor other than light intensity is becoming the 
limiting factor. In region B, both light intensity and the other 
factor(s) are limiting. C: light intensity is no longer a limiting 
factor. 

(c) D: the ‘saturation point for light intensity under these 
conditions, that is the point beyond which an increase in light 
intensity will cause no further increase in the rate of 
photosynthesis. 

(d) E: the maximum rate of photosynthesis attainable under 
the conditions of the experiment. 

9.24 X, Y and Z are the points at which light ceases to be the 
major limiting factor in the four experiments. Up to these 
points there is a linear relationship between light intensity 
and rate of photosynthesis, 

9.25 Enzymes would start to become denatured. 

9.26 Some likely situations would be (a) in a shaded community 
such as a wood; dawn and twilight in a warm climate; (b) 
carbon dioxide is normally limiting, but it would be 
particularly so in a crowded stand of plants, such as a crop 
under sunny, warm conditions; (c) a bright winter’s day. 

9.27 The plant continues to use sugars in the dark, for example 
for respiration. Photosynthesis ceases in the dark, so as 
sugars are depleted starch reserves are converted to sugars, 
including sucrose which travels from the leaves to other parts 
of the plant. 

9.28 It could be argued that paper or foil prevents photosynthesis 
by restricting diffusion of carbon dioxide to the covered parts. 
This can be disproved by arranging an air gap between paper 
and leaf as shown below in fig 9.28(ans). 


black paper 


elastic band 


leaf | card 


Fig 9.28(ans) Section through leaf wrapped in black paper 


9.29 It should be placed in an identical flask but with water 
replacing potassium hydroxide solution. Unsoaked cotton 
wool should secure the leaf stalk. (The stalk itself could be 
surface-treated with lime water to check whether possible 
injury here could affect photosynthesis. ) 

9.30 Rates of carbon dioxide uptake, oxygen production and 
carbohydrate production could be used. Rate of increase in 
the dry mass of leaves may also be measured. This is 
particularly suitable for crop plants over a growing season 
when relatively large samples may be taken. An experiment 
for measuring carbon dioxide uptake is described in section 
9.7. 
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9.31 (a) The rate of gas production is directly proportional to LI 

up to a LI of x units. At this point light saturation began to 
occur and this was complete at y units (x and y values depend 
on experimental conditions). Thereafter some factor other 
than light was limiting the rate of gas production. 
(b) The laboratory was darkened to avoid extra light which 
could have stimulated extra photosynthesis. Temperature 
was kept constant because this also affects the rate of 
photosynthesis. 

9.32 (a) Temperature may vary as the lamp heats the water (this 
should be avoided by the water bath). 

(b) The carbon dioxide concentration of the water may vary 
during the experiment, especially if potassium hydrogen- 
carbonate was added earlier. 

(c) Any stray light which is admitted to the laboratory will 
affect photosynthesis. 

9.33 Asthe bubble of oxygen rises through the water, some of the 
dissolved nitrogen will come out of solution and enter the 
bubble, and some of the oxygen will dissolve. This exchan 
is due to the different partial pressures (concentrations) of 
oxygen and nitrogen in the bubble and the water, there bein» 
a tendency for them to come to equilibrium with time. Trac 
of water vapour and carbon dioxide will also be present in t 
collected gas. Once the gas has been collected, it will tend to 
come into equilibrium with atmospheric air by diffusion 
gases through the water. 

9.34 The amount of oxygen produced by photosynthesis in th 
experiment must all be collected. If the water is not saturate: 
with air, some of the oxygen released in photosynthesis wi 
dissolve in the water and reduce the amount recorded 

9.35 Specimen results are given in the following table. 


Time/h Colour of indicator 

tube A tube B tube C tube D 
0 red red red red 
18 yellow purple red red 


The control tubes, C and D, were necessary to prove that any 
changes that took place in tubes A and B were due to thc 
presence of leaves. In tube A conditions became more acidic 
as a result of carbon dioxide being produced during 
respiration. Photosynthesis did not take place in the absence 
of light. In tube B conditions became less acidic, indicating a 
net uptake of carbon dioxide. The carbon dioxide produced 
by respiration was used in photosynthesis, together with that 
already in the air inside the leaf and dissolved in the indicator 
solution. The rate of photosynthesis was greater than the rate 
of respiration. 

9.36 The carbon dioxide compensation point. At this point rate 
of photosynthesis equals rate of respiration. 

9.37 The higher the concentration of carbon dioxide, up to 0.1%, 
the greater the rate of photosynthesis. As carbon dioxide 
concentration increases, it competes more effectively with 
oxygen for the active site in RuBP carboxylase, thereby 
increasing the rate of carbon dioxide fixation, that is 
Photosynthesis. Increase in Oxygen concentration inhibits 
photosynthesis for the Opposite reason, oxygen tending to 
exclude carbon dioxide and to stimulate photorespiration, 
which releases carbon dioxide. 

9.38 High oxygen concentration and low carbon dioxide concen- 
tration (maximum rate achieved at 100% oxygen). High light 
intensities are also needed for high rates since the process is 
light-dependent. 


9.39 Mesophyll chloroplasts for light reactions, bundle sheath 
chloroplasts for dark reactions. 

9.40 Oxygen production is associated with grana (major location 
of PSII) and oxygen would compete with carbon dioxide for 
RuBP carboxylase and stimulate photorespiration. Also 
grana occupy a large volume of the chloroplast and in their 
absence there is more stroma, and hence more RuBP 
carboxylase and storage space for starch. 

9.41 Carbon dioxide pump. By acting as a carbon dioxide pump, 

the malate shunt increases carbon dioxide concentration in 
the bundle sheath cells, thus increasing the efficiency with 
which RuBP carboxylase works. 
Hydrogen pump. Malate carries hydrogen from NADPH, in 
the mesophyll to NADP in the bundle sheath cells, where 
NADPH, is regenerated. The advantage is that NADPH, is 
generated by the efficient light reaction in the mesophyll 
chloroplasts (PSII present) and can be used as reducing 
power in the Calvin cycle of bundle sheath chloroplasts, 
whose own synthesis of NADPH, is limited. 

9.42 (a) Lowering oxygen concentrations stimulates C, photo- 
synthesis because it reduces photorespiration. 

(b) Lowering oxygen concentration does not affect C, 
photosynthesis because photorespiration is already inhi- 
bited. 

9.43 Symbiotic bacteria in the root nodules of legumes fix 
nitrogen which leads to increased growth and thus to 
increased demand for other minerals, notably potassium and 
phosphorus. (However, ploughing-in of legumes is some- 
times done, thus keeping the minerals in the soil.) 

9.44 Chemoheterotrophic. They can be classified further as 
saprophytic. 

9.45 Anywhere there is insufficient oxygen for decomposition of 

all accumulating organic matter, such as bogs, aquatic 

sediments like mud deposits, arctic tundra, deeper zones of 
soil and waterlogged soils. 

9.46 Both increase aeration and hence oxygen content of soil. 

This stimulates decomposition and nitrification. It also 

inhibits denitrification, oxygen being used instead of nitrate. 


Chapter 10 


10.1 (1) Decomposes organic matter and therefore helps recycl- 

ing of elements from dead to living organisms. 

(2) Removes organic refuse. 

(3) Renders food unfit for human consumption (such as 
makes bread mouldy). 

(4) In the Far East Mucor has been used to produce alcohol. 
A mixture of Mucor and yeast was added to rice. Mucor 
converted the rice to sugars which the yeast then converted to 
alcohol. 

10.2 See section 4.5.3. 

10.3 Because of the continual heat loss from the relatively larger 
body surface of the mouse. 

10.4 4.18 J raise the temperature of 1 g water through 1 *C, 
7.5 X 4.18 J raise the temperature of 1 g water through 
1:5 9C. 

7.5 x 4.18 x 500 J raise the temperature of 500 g water 
through 7.5 *C, z 
therefore 15.675 kJ are produced when 1 g of sugar is burned 
in oxygen. 

10.5 Fats are much richer in hydrogen than carbohydrates. As 
most of the energy that is released in the body arises by the 
oxidation of hydrogen to water, so fats liberate more heat 
than carbohydrates. 

10.6 Less energy is released in the body because both of these 


substances are not completely oxidised; for example the 
nitrogen in protein is excreted as urea in urine rather than 
being oxidised to nitrogen dioxide, therefore excretion of 
urea from the body actually expels some energy. 

10.7 (a) Certain ‘factors’ (now known as vitamins) are needed in 
small amounts in the diet, which are essential for healthy 
growth and development. 

(b) The growth ‘factors’ must be contained in the 3 cm 
rations of milk provided for the rats, which confirms that only 
minute amounts are required. When the milk was stopped, 
growth was quickly curtailed. Rats without milk did grow 
initially, therefore they must have had a small store of 
vitamins in their body initially. 

(c) It is deficient in iron, vitamin B and roughage. 

10.8 Active pepsin would digest cells that produce it, there being 
no mucus barrier within the zymogen glands. 

10.9 (a) The small intestine wall is thrown into folds, the presence 
of villi and the presence of microvilli. 

(b) It increases tremendously the secretory and absorptive 
surface of the small intestine and makes it very efficient at 
these processes. 

10.10 Enzyme activity would be impaired as the enzymes would 
be denatured by the low pH. 

10.11 It ensures that even if the soluble food molecules are in 
concentrations lower than those already in the blood, they 
will still pass into the blood. 


Chapter 11 


11.1 Those substances which yield more energy than ATP when 
hydrolysed are able to transfer their phosphate groups to 
ADP to form ATP. Those that liberate less energy than ATP 
when hydrolysed will receive phosphate groups from ATP. 

11.2 ATP can be compared with a battery in the sense that its 
manufacture requires energy and that it is a convenient 
short-term carrier of energy. It is manufactured during 
respiration and can move to any part of the cell requiring 
energy, be ‘run down’ (converted to ADP), then ‘recharged’ 
(converted back to ATP) by respiration. 

11.3 dehydrogenation 

11.4 dehydrogenases (see table 6.3) 

11.5 (a) phosphorylation 
(b) isomerases 
(c) (i) dehydrogenation/oxidation 

(ii) phosphorylation 
(d) a vitamin of the B complex 

11.6 For rapid diffusion of intermediates between cytoplasm and 

mitochondrion. 


11.7 Entering Leaving 
pyruvic acid 
oxygen carbon dioxide 
reduced hydrogen carrier oxidised hydrogen carrier 
ADP ATP 
phosphate water 


11.8 Provides an increased surface area for absorption of 

digested food materials. 

11.9 Large concentrations of dissolved molecules would increase 
the osmotic pressure of the plasma, which in turn could affect 
many other physiological processes. 

11.10 (1) Within the cell, the pigment is separated from the more 
variable chemical environment of the plasma. 

(2) Enclosing the pigment will decrease the viscosity of the 
blood and reduce the work the heart has to do to pump the 
blood around the body. 
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11.11 Initially when blood and water first meet, the concentration 
gradient of oxygen between them would be great. However, 
as blood and water flow along together the gradient will 
decrease until blood shows a percentage saturation for 
oxygen equal to that of the water. This would be well below 
the blood's maximum saturation point and therefore in- 
efficient (fig 11.11(ans)). 


(a) 100 (b) 

s 

E E 
E E 
3 5 
» 5 2 
oo b 
3 8 
5 = 
3 El 
5 

a È 


Distance along 
secondary lamella 


Distance along 

secondary lamella 
Fig 11.11(ans) (a) Counterflow of water and blood. 
(b) Parallel flow of water and blood 


11.12 Because the dead space air forms part of the pulmonary 
ventilation volume. 

11.13 Smaller mammals have a large surface area to volume ratio 
from which heat can be lost and therefore must use up more 
oxygen in order to maintain a constant body temperature. 

11.14 By relating oxygen consumption to body weight and 
calculating the volume of oxygen consumed per gram of body 


weight in unit time. 


2 
11.15 RQ = Qa = w 
CO, 2 


11.16 Ro mE TaS 


= 0.70 


11.17 Because Man generally respires carbohydrate and fat 


substrates. 


11.18 (a) Respiratory rate is about 17 breaths min ' 
(b) Tidal volume is 450 cm‘ (average). , " " 
(c) Pulmonary ventilation is 17 x 450 cm = 7.65 dm min 
(d) Oxygen uptake is given by the slope of the line AB. 
Therefore oxygen consumption is 1500 cm’ in 4 min = 


4 = 


375 cm’ min 
11.19 (a) 


Aerobic respiration 


Photosynthesis 


This is a catabolic process 
and results in the breakdown 
of carbohydrate molecules 
into simple inorganic 
compounds 

Energy, in the form of ATP, 
is released. 


Oxygen is used up. 

Carbon dioxide and water 
are released. 

The process results in a 
decrease in dry mass. 

In eukaryotes the process 
occurs in mitochondria. 
Takes place continuously 
throughout the lifetime of all 
cells, and is independent of 
chlorophyll and light. 


An anabolic process which 
results in the synthesis of 
carbohydrate molecules from 
simple inorganic compounds. 


Energy is accumulated and 
stored in carbohydrate. 
Some ATP is formed. 


Oxygen is released. 

Carbon dioxide and water 
are used up. 

Results in an increase in dry 
mass. 

In eukaryotes the process 
occurs in chloroplasts. 


Occurs only in cells 
possessing chlorophyll and 
only in the presence of 
light. 
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(b)List of similarities between photosynthesis and aerobic 
respiration 

Both are energy-converting processes. 

Both require mechanisms for exchange of carbon dioxide and 
oxygen. 

Both require special organelles in eukaryotes, that is 
mitochondria for respiration and chloroplasts for photosyn- 
thesis; mitochondria and chloroplasts resemble prokaryotic 
organisms in possessing circular DNA and a prokaryote-type 
protein-synthesising system. 

The light reactions of photosynthesis resemble cell respira- 
tion in the following ways: 

(i) phosphorylation occurs (that is synthesis of ATP from 
ADP and Pj); 

(ii) this is coupled to flow of electrons along a chain of 
electron carriers; 

(iii) the electron carriers must be organised on membranes 
for coupling to take place; these are cristae in mitochondria 
and thylakoids in chloroplasts. 

Both also involve cyclic pathways that take place in solution 
in the matrix around the membranes (Krebs cycle in 
respiration, Calvin cycle in photosynthesis). 

Part of the glycolytic sequence of enzymes is common to both 
processes. 


Chapter 12 


12.1 Dry mass is used because the water content of food samples 
or organisms may vary and water contributes no energy 
12.2 Small birds or mammals have a much higher surface area to 
volume ratio than Man and therefore lose body heat 
relatively more rapidly. Since small mammals and birds are 
homeothermic (*warm-blooded') like Man they must con- 
sume relatively more energy to maintain body heat. (Birds 
also have a higher metabolic rate and body temperature than 

mammals.) 

12.3 In pyramid (b) the primary producers are large, such as 
trees, and therefore fewer in numbers than the herbivores 
they support. A situation like this would be obtained, for 
example, with aphids feeding on a rose bush, or caterpillars 
on a tree. 

12.4 


Leptomonas | ] À inverted pyramid 
(parasite chain) 


flea 
herbivore a WS = 
grass 


12.5 Pyramid (c) is based on a Parasite food chain, where a 
Parasite is itself parasitised. The pyramid of numbers that 
Tesults is unusual in being inverted since the organisms 
become progressively smaller and more numerous along the 
food chain. The first trophic level shown could be a tree or 
shrub, although parasite food chains are sometimes re- 
presented as starting with the host, whether it be plant or 
animal. 

12.6 As conditions become suitable in the spring there is rapid 
growth and reproduction of the algae that form the 


phytoplankton (an algal bloom) and their mass exceeds that 
of their grazers. This is presumably followed by an increase in 
numbers and biomass of the primary consumers, and then by 
an increase in secondary consumers as materials and energy 
flow from one trophic level to the next. The biomass of 
phytoplankton decreases as the grazers increase and as the 
unfavourable conditions of winter return. At some point the 
biomass of the longer-lived consumers exceeds that of the 
producers. Such seasonal fluctuations in pyramids of biomass 
are typical of lake and ocean ecosystems based on phytop- 
lankton. 


12.7 (a) May, June and July 


(b) (i) Increase in light intensity and duration, and increase in 
temperature coupled with the availability of nutrients. 
Photosynthesis and growth are therefore favoured. 

(ii) Grazing by primary consumers, such as zooplankton, and 
decrease in production due to depletion of nutrients. (The 
latter is due to the dead remains of producers sinking through 
the lake to colder, non-circulating water.) 

(iii) Decline in numbers of zooplankton. Increase in nutrients 
(circulation of nutrients improves in the autumn as the 
surface layers of water cool and mix more freely with the 
colder, deeper layers). Temperature and light are still 
favourable. 

(iv) Light and temperature unfavourable for photosynthesis 
and growth. 


12.8 Transfer of energy between trophic levels cannot be 10096 


efficient, so successive levels have less energy and can 
support, on average, fewer animals. 


12.9 Blue-green algae and some bacteria are also photosynthetic 


(they are prokaryotes, not plants). Chemosynthetic bacteria 
are also autotrophic (table 9.1) and therefore make a 
contribution to primary productivity. The total contribution 
of all these organisms is small compared with plants. 


12.10 (a) 24 x 10° kJ m? yr! 


(b) 1.396 

(c) 800, 200 and 69 700 kJ m-? yr-! respectively 

(d) 114 x 10° kJ m2 yr! 

(e) Grasses and herbs (producers), seed-eating birds, 
common green grasshoppers and field mice (primary con- 
sumers), spiders (secondary consumers) 

(f) All except grasses and herbs 

(g) Other primary or secondary consumers, decomposers, 
detritivores (also possibly emigration) 


12.11 (a) (i) x2 (ii) x500 (iii) x2 500 (iv) x3 750 


12.15 Birth rate = 


(ii) The data given suggest that DDD (and therefore DDT) is 
stored predominantly in fatty tissues. (This is because DDD 
and DDT are soluble in fat rather than water.) During times 
of food shortage, fat is mobilised and used so that the DDD 
or DDT accumulated over a long period is released into the 
bloodstream in relatively high concentrations. 

(f) It has been suggested that the high death toll of birds in the 
winter of 1962-3 compared with 1946-7 was due to the 
additional effects of DDT mobilisation from fatty tissues. In 
1946-7 the use of DDT was limited; in the late 1950s and 
early 1960s its use was widespread. 


12.12 (1) Maximum possible specificity so that it has minimal 


effects on species other than pests. 
(2) Inexpensive to manufacture. 
(3) Non-persistent. 


12.13 Geographical barriers, such as oceans; ecological barriers, 


such as unfavourable habitats separating areas of favourable 
habitats; distance over which dispersal must operate; air and 
water currents; size and nature of invasion areas 


12.14 Various environmental factors may be altered. 


(a) Light — Light intensity at the forest floor may be only 
1-6% of that striking the canopy. 

— Light quality may also change: light passing 
through leaves is enriched in far-red light (shorter 
wavelengths of red being filtered out). This has physiolo- 
gical implications for the phytochrome system (see chapter 
15). 

(b) Temperature — Daily and seasonal fluctuations of temper- 
ature are less within a forest than outside it. Lower 
maximum and higher minimum temperatures are usual. 
The mean temperature is relatively lower in summer and 
higher in winter compared with the air temperature 
outside the canopy. 

(c) Wind — Plants below the canopy are protected from wind, 
and wind speeds on average are only 40-80% of those 
outside. 

(d) Moisture — Interception of rainfall and subsequent 
evaporation from the canopy will reduce the amount of 
water reaching the vegetation below. Relative humidity is 
usually greater in the woodland than outside, partly as a 
result of lower temperatures during the day. 


10.000 
500 000 


x 1000 = 20 per thousand head per 
year. 


12.16 (a) Two eggs from each female must, on average, survive. 


(b) DDT is subject to progressive concentration as it passes (b) 

along the food chain. This suggests that it is a persistent 

chemical, not easily broken down, and that it is stored rather Number of fertilised eggs Pre-reproductive 
than metabolised in living organisms. (In fact, it remains that must die for stable — mortality 
active for 10-15 years in soil.) " population 

(c) (i) and (ii) 4th trophic level (top carnivore) (iii) 2nd 

trophic level (herbivore) oyster (100 x 10°) — 2 99.905 
(d) DDT has spread all over the world as a result of two cdh (9 x 10) — 2 S99.9% 
factors. First, it is carried at very low concentrations in water. plaice (35 x 10) — 2 399.99; 
If it is washed off agricultural land and into rivers some of it salmon (10 x 105 - 2 599.995 
reaches the sea and becomes concentrated in marine food stickleback 498  498/500= 99.6% 
chains. Penguins feed on fish and are part of these food winter moth 198 99.0% 
chains. Secondly, DDT can be carried in the atmosphere, mouse 48 96.0% 
both because it is volatile and because it is sprayed asa dust dogfish 18 90.0% 
which can be carried by wind systems over large distances. penguin 6 75.096 
(e) (i) A small proportion of the original midges were elephant zi 60.0% 
resistant to DDD and these were not killed by the spraying Victorian Englishwoman 8 80.0% 


procedure. Between sprays their numbers increased and 
after successive sprays they continued to breed and eventual- 
ly constituted the greater part of the population. In other 
words the population had undergone intensive selection 
pressure (see chapter 25). 


(c) The stickleback and dogfish give birth to live young, that is 
they are viviparous. Therefore fewer eggs need to be 
produced owing to the greater degree of parental involve- 
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ment in the development of offspring. Also, the female 
parent could not physically support any greater numbers of 
offspring. 

12.17 Population (b), since a high percentage of individuals 
would die before reproductive age is reached. Population (a) 
would have to combine its high survival rate with low 
reproductive rate to maintain a stable population size. 

12.18 (a) Out of 3 200 eggs, 640 survive, so 2 560 die -a mortality 
of 80%. 

(b) Out of 640 fry, 64 survive, so 576 die- a mortality of 90%. 
(c) Out of 64 smolts, 2 survive, so 62 die- a mortality of about 
97%. 

The total pre-reproductive mortality for salmon is 3 198 out of 
3200 = 99.97% (see fig 12.18(ans)). 


100 
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E 
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0 l 2 3 Hn 

Age/years 

Fig 12.18(ans) Graph showing pre-productive mortality 
for salmon 
12.19 (a) S. nemoralis (b) S. nemoralis (c) S. rugosa 


(d) The results for S. speciosa show that it has flexibility of 
response to its environment. When colonising a woodland 
site, which is a stable K-selecting habitat, it behaves more 
like a K-strategist in devoting less biomass to reproduction 
than when it grows in the disturbed habitat of an earlier 
successional stage. 

A general conclusion that might be drawn is that some 
species may have variable levels of ‘r depending on 
environmental conditions. This in fact appears to be true for 
some plant and animal populations. If either strategy is 
selected for over a period of time, speciation might occur as 
has happened with S. rugosa and S. nemoralis. 

12.20 (a) A sigmoid (S-shaped) growth curve. 
(b) Food and space. Food is more likely in this case. 
(c) Faster reproductive rate. More efficient feeding. Greater 
resistance to toxic waste products, either of Paramecium or 
of bacteria growing in the same culture (P. aurelia has been 
shown to be more resistant than P. caudatum). Production of 
a poison or growth inhibitor (allelopathy). Predation. 


Chapter 13 


13.1 Fresh mass of soil -6 
dry mass of soil -4 
therefore mass of water =6 


Ul 


—45g= 15g 


therefore percentage water content = — x 100 = 25% 
of fresh soil 6 


Dry mass of soil - 45g 
dry mass of soil after combustion = 30 g 
therefore mass of organic material = 15 g 
therefore percentage organic = n x 100 = 2 
content of fresh soil 

13.2 43% 

13.3 36% 

13.4 4230 


Appendix 1 
Biological chemistry 


A1.1 


Elementary chemistry 


An atom is the smallest part of an element that 
in take part in a chemical change. An element is a 
substance which cannot be split into simpler substances by 
chemical means, for example the elements carbon, oxygen 
ind nitrogen. A compound is a substance which contains 
wo or more elements chemically combined, as shown 
below. 
Compounds 
water 


Elements 

hydrogen and oxygen 
glucose carbon, hydrogen and oxygen 
sodium chloride sodium and chlorine 

\ molecule is the smallest part of an element or compound 
vhich can exist alone under normal conditions, such as H;, 
O,, CO, and H,O. 


A1.1.1 Structure of the atom 


All elements are made up of atoms. The word 
‘atom’ comes from the Greek word atomos meaning 
indivisible. 

The particles which make up atoms are protons, 
neutrons and electrons, details of which are given in table 
A1.1. Protons and neutrons have equal mass, and together 
make up the mass of the nucleus. The electrons have very 
much lower mass than the protons or neutrons, and when 
the mass of an atom is being considered, usually only the 
mass of the nucleus is taken into account. 

A neutron is composed of a proton and an electron 
bound together, so that its charge is neutral. 

Atoms are electrically neutral because the number of 
protons in a nucleus equals the number of electrons 
orbiting around it. 

The number of protons in the nucleus of an atom is called 
the atomic number of that element. It also equals the 


Table A1.1 The locations, masses and charges of protons, 
neutrons and electrons. 


Particle Location Mass Charge 
proton the dense central 1 unit positive (+1) 
core of the atom, (1.7, 
forming the 10 ~ g) 
nucleus which has 
neutron a diameter about 1 unit neutral (0) 
1/100 000 that of 
the atom 
electron in ‘orbits’ around — 1/1870 unit negative (—1) 
the nucleus (9.1.x 
10 ^g) 


number of electrons in an atom. For an individual atom, 
the number of protons plus the number of neutrons equals 
the mass number. 

The atoms of some elements exist in different forms 
called isotopes which have different mass numbers (section 
A1.3). The average mass of an atom is the relative atomic 
mass (A,) and is usually an average value for a natural 
mixture of the isotopes. For example, chlorine is made up 
of a mixture of isotopes of mass numbers 35 and 37; the 
proportions of the isotopes are such that naturally 
occurring chlorine has a relative atomic mass of 35.5. 

The known elements, of which there are over 100, can be 
listed in order of ascending atomic number as shown in 
table A1.2. As indicated in the table the electrons are 
arranged in successive shells around the nucleus. The first 
shell can hold up to two electrons (being nearest the 
nucleus it is the smallest), the second shell can hold up to 
eight electrons, the third shell can hold up to 18 electrons 
and the fourth shell can hold up to 32 electrons. 


Table A1.2 The first 20 elements in order of ascending 
atomic number. 


Atomic Mass Relative Element Symbol Arrange- 
number number atomic ment of 
mass* electrons 

1 1 1.0 hydrogen H 1 

2 4 4.0 helium He 2 

3 7 6.9 lithium Li 2,1 

4 5 9.0 beryllium Be 2 2 

5 11 10.8 boron B 2,3 

6 12 12.0 carbon [e 2,4 

7 14 14.0 nitrogen N 2,3 

8 16 16.0 oxygen [9] 2,6 

9 19 19.0 fluorine F 2,7 

10 20 20.2 neon Ne 2,8 

11 23 23.0 sodium Na ZB. 
12 24 24.3 magnesium Mg 2, 0,2 
13 27 27.0 aluminium Al 2,8,3 
14 28 28.1 silicon Si 2,8,4 
15 31 31.0 phosphorus P 2,8,5 
16 32 32.1 sulphur S 2,8,6 
17 35 35.5 chlorine cl 25:8; 7 
18 40 39.9 argon Ar 2, 8,8 
19 39 39.1 potassium K 2,8, 8.1 
20 40 40.1 calcium Ca 2,8,8,2 


* Relative atomic mass (A,) was formerly atomic weight. 

Figures for A, are given to the nearest decimal place. 

The symbols for some common elements are, in ascending order of atomic 
number, chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel 
(Ni), copper (Cu), zinc (Zn), arsenic (As). bromine (Br), molybdenum 
(Mo), silver (Ag), cadmium (Cd). iodine (I), barium (Ba). platinum (Pt), 
mercury (Hg), lead (Pb), radium (Ra), uranium (U), plutonium (Pu). 
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Hydrogen Helium Lithium Beryllium 
K shell .L shell i 
electron i \ 
e ~ a N g^ 
v t t = » 
nucleus K shell now full i * 
(size exaggerated) Inert gas 
Boron Carbon Nitrogen Oxygen 
sw ^ 3 m. 
Vi eo 7 * p^ 
) Ak / © S 
æ Y vec 
RN d eer M Em 
Sodium Magnesium 
Fluorine Neon M shell Ss. 


OO 


Inert gas 


Fig A1.1 The arrangement of electrons in shells for the first 
12 elements. (The nucleus is omitted from all except 
hydrogen.) 


There are also further shells in the larger atoms, but 
these need not be considered here. The arrangements of 
electrons in shells for the first 12 elements are shown in 
fig A1.1. 

Any element with an electronic configuration in which 
the outermost shell is full is particularly unreactive. Hence 
helium and neon (table A1.2) are so unreactive that they 
seldom form compounds with other atoms. Thus they are 
called noble gases. 

The tendency of all other elements is to attain full 
electron shells through reaction with other elements. When 
two atoms react to form a compound there are basically two 
types of bond that can form between them, ionic and 
covalent bonds. 


A1.1.2 lonic bonding 


This is a process in which electrons are 
transferred from one atom to another. Consider sodium 
reacting with chlorine (fig A1.2a). The sodium atom loses 
an electron and therefore has an overall positive charge of 
+1 (its nucleus contains 11 positively charged protons 
and is surrounded by 10 negatively charged electrons). 
Similarly the chlorine atom has gained an electron and now 
has an overall negative charge of —1. Both have full, and 
therefore stable, electron shells. 

These charged particles are no longer true atoms and 
instead are called ions. Hence the sodium ion is re- 
presented as Na” and the chloride ion as CI. Positively 
charged ions are called cations, and negatively charged ions 
anions. The resulting compound is sodium chloride 
(formula NaCl) but no molecules of NaCl exist. Instead 
there is an association of sodium and chloride ions in equal 
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sodium atom chlorine atom sodium ion chloride ion 
11 electrons (2.8.1) 17 electrons (2.8.7) 10 electrons (2.8) 18 electrons (2.8.8) 
11 protons 17 protons 11 protons 17 protons 


s 
e o " * 
Ca 2cl Ca" 2C1 
Electrons: 2.8.8.2 2x2.8.7 2.8.8 2x2.8 
XX ee 
(o chlorine xc? e. 
molecule x Cl x Cle 
ia aad 
shared pair of electrons forming a covalent bond 
H 
3i . electron from C atom 
(d) methane H® c XH 
d * x electron from H atom 
ex 
H 
H p 
| carbon has a valency of 
H- C-H 4 (shares in 4 bonds): hydrogen has 


represented by 


a valency of 1 
structural formula as H 


(e) In ethene (ethylene), C,H,, there are two pairs of shared electrons 
between carbon atoms: 


He € xH 


lo o ex 
ethene eže f 
H $e oH o electron from H atom 


electrons from C atom 


The two pairs of shared electrons are represented by a double 
bond, thus 


Fig A1.2 (a) Formation of sodium chloride. (b) Formation of 
calcium chloride. (c) Formation of the covalent chlorine 
molecule. (d) Formula of methane. (e) Formula of ethene. For 
clarity, electrons from different atoms have been given 
different symbols (x, € or o). In reality, all electrons are 
indistinguishable. Only the outer shells of electrons are shown 
in (c), (d) and (e) 


numbers (ionic formula Na'CI ). Compounds like this 
which are formed by the transfer of electrons are called 
ionic compounds. They are usually formed when metals 
react with non-metals. The metal produces a cation and the 
non-metal an anion. Salts are all ionic compounds. 

Another typical example is calcium chloride (formula 
CaCl;) (fig A1.2b). Here two electrons are lost from the 
caleium atom, and one gained by each chlorine atom. 
Therefore the calcium ion is represented as Ca^* or Ca". 

The number of electrons transferred (lost or gained) is 
the valency, sometimes called the combining power. 
Therefore sodium and chlorine have a valency of one and 
calcium has a valency of two. The number of plus or minus 
signs shown for an ion is therefore equal to its valency; for 
example, potassium and hydroxyl ions have a valency of 
one and so are written as K* and OH', magnesium and 
sulphate ions have a valency of two and so are written as 
Mg" and SO, , and aluminium has a valency of three and 
so is written as AP". 


lonic formulae 


lonic compounds do not exist as molecules but as 
collections of ions. The ionic formula shows the ratio in 
which elements are combined in an ionic compound; for 
example, the formula for the compound aluminium oxide is 
ALO;, meaning that A* and O* ions are in the ratio of 
2:3. If anion with more than one atom is present, such as in 
SO," (sulphate), the number of that ion present, if more 
than one, is indicated by using brackets, for example 
AL(SO;); but Na,SO, needs no brackets as only one 
sulphate ion is involved. 


A1.1.3 Covalent bonding 


In this type of bonding electrons are not 
donated or received by the atoms concerned; instead, they 
are shared. Consider two chlorine atoms; each has seven 
electrons in its outer shell (electron configuration 2,8,7). In 
covalency, two chlorine atoms contribute one electron 
each to a shared pair of electrons, making a chlorine 
molecule, formula Cl. In this way both atoms obtain an 
approximation to the noble gas configuration and mole- 
cules are produced, not ions (fig A1.2c). The shared pair of 
electrons is conventionally written as a single bond thus 
CI—Cl. Chlorine is said to have a covalency of one (it 
shares one of its electrons). Another example is methane, 
CH,. Carbon has an atomic number of six with four 
electrons in its outer shell (2,4); hydrogen has an atomic 
number of one and has only one electron (fig A1.2d). 

In ethene (ethylene), C;H., there are two pairs of shared 
electrons between carbon atoms, and the two pairs are 
represented by a double bond (fig Al.2e). In some 
compounds there are three pairs of shared electrons, a 
triple bond, such as in ethyne (acetylene), C,H). "Hn 

Covalent compounds are far more common than ionic 
compounds in biological systems. 

The valencies of some common elements and the charges 


on common ions are given in table A1.3. 


Formulae of covalent compounds 
For simple covalent compounds the formula represents the 
number of each type of atom present in one molecule; for 
example CO, (carbon dioxide) means that one atom of 
carbon is combined with two atoms of oxygen. 


A1.1.4 Chemical equations 


When chemical equations are written, not 
only must the correct formulae for the chemicals be used 
but also the equations must be balanced, that is there must 
be the same number of atoms of each element on the 
right-hand side of the equation as on the left. This can be 
done in the following way. 

(1) Write a word equation, for example 

methane + oxygen — carbon dioxide + water 

(2) Write the correct formulae. 

CH, + Oz md CO, + H,O 

(3) Ask if the equation balances. The equation in (2) does 
not, for there are three oxygen atoms on the right side 
and only two on the left; also there are four hydrogen 
atoms on the left and two on the right. 

(4) Balance the equation, if necessary, using large num- 
bers in front of the relevant formulae and remembering 
that the formulae cannot be altered. 

CH, + 20, > CO, + 2H;0 
(20, means two molecules of oxygen (4 atoms of 
oxygen); 2H,O means two molecules of water (4 atoms 
of hydrogen, 2 atoms of oxygen).) 


lonic equations 


Equations for reactions between ionic compounds can be 
written simply as ionic equations. Consider the following 
reaction: 
2NaOH + H;SO, —^ Na,SO, + 2H;O 
sodium sulphuric sodium water 
hydroxide acid sulphate 
(All three compounds are aqueous.) 
The equation can be rewritten to show the ions present: 


2Na* + 20H + 2H* + SO," 2 2Na* + SO; + 2H,O 
Removing ions common to both sides of the equation (not 
involved in the reaction) gives the ionic equation: 

20H + 2H* > 2H,O 
This is the only reaction which has taken place. 


A1.1.5 Acids, bases, salts, pH and buffers 


A hydrogen atom consists of one electron and 
one proton. If the electron is lost it leaves a proton, and a 
proton may therefore be regarded as a hydrogen ion, 
usually written H*. An acid is a substance which can act as a 
proton donor and this is a substance which can ionise to 
form H' as the cation. For the purpose of this book an acid 
will be defined as a substance which ionises in water to give 
H* ions as the cation. A strong acid, such as hydrochloric 
acid, is one which undergoes almost complete dissociation 
(separation of its constituent ions). It is therefore a more 
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an 


Table A1.3 Valencies 
of some elements and 


(a) Valencies of some elements 


charges of some ions. 1 2 
F O N c 
CI S P Si 


(b) Charges of some ions of single elements 


m^ = +1 +2 +3 
oF F H’ Mg” AI" 
CI Na* Ca" 
Br K“ Zn' 
Ba” 
I Cu* , 
copper(I) Cu" copper(II) 


Fe” iron(II) Fe" iron(II) 


Pb" lead(II) 


(c) Charges of some ions of more than one element 


28 x -1 *1 
PO," phosphate (V) SO sulphate NO, nitrate NH, ammonium 
CO; carbonate NO, nitrite 
OH hydroxyl or 
hydroxide 
HCO, hydrogen- 


carbonate (formerly 
bicarbonate) 


efficient proton donor than a weak acid, such as ethanoic 
acid or carbonic acid, in which only a small proportion of 
the acid molecules dissociate to give hydrogen ions: 


HCI = H* +C CH, COOH = CH; COO” + H* 
hydrochloric acid ethanoic acid 


Typical properties of acids are as follows. 

(1) Many acids react with the more reactive metals such as 
magnesium or zinc to produce hydrogen. 

(2) Acids are neutralised by bases to give salts and water 
only. 

(3) Almost all acids react with carbonates to give carbon 
dioxide. 

(4) Acids have a sour taste in dilute solution, for example 
ethanoic acid (vinegar). 

(5) Solutions of acids give a characteristic colour with 
indicators; for example, they turn blue litmus red. 

A base is a substance which reacts with an acid to forma 
salt and water only (otherwise defined as a proton 
acceptor). Most bases are insoluble in water. Those that are 
soluble in water form solutions called alkalis, such as 
sodium hydroxide, calcium hydroxide and ammonia solu- 
tions. Other typical properties are as follows. 

(1) Bases usually have little action on metals. 

(2) Bases react with aqueous solutions of the salts of most 
metals to precipitate an insoluble hydroxide. 

(3) Reaction with ammonium salts gives ammonia. 
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(4) Solutions of alkalis give a characteristic colour wi 
indicators; for example, they turn red litmus blu: 

A salt is a compound in which the replaceable hydro; 
ofan acid has been partly or wholly replaced by a metal. An 
example is sodium chloride where the hydrogen atom of 
hydrochloric acid has been replaced by an atom of sodium 
When a salt dissolves in water its constituent ions 
dissociate, that is they become free ions separated from one 
another by water molecules. 


The pH scale 


The acidity or alkalinity of a solution is related to the 
concentration of hydrogen ions in the solution. This is 
expressed as its pH (p Tepresents a mathematical opera- 
tion, H represents hydrogen). The pH is defined as the 
logarithm to the base 10 of the reciprocal of the hydrogen 
ion concentration. Pure water contains 1 x 107 moles of 
hydrogen ions per decimetre cubed (litre). The pH of water 
is therefore log (1/10’) = 7. 

A pH of 7.0 represents a neutral solution (at room 
temperature). A pH of less than 7.0 represents an acidic 
solution, and a pH of more than 7.0 represents an alkaline 
solution. 

The pH scale ranges from about —1 to about 15 (usually 
0-14). The scale is logarithmic, so a change in pH of one 
unit represents a ten-fold change in hydrogen ion concen- 
tration. 


Cells and tissues normally require a pH value close to 7 
and fluctuations of more than one or two units from this 
cannot be tolerated. Mechanisms therefore exist to keep 
the pH of body fluids as constant as possible. This is partly 
achieved by buffers. 


Buffers 


A buffer solution is a solution containing a mixture of a 
weak acid and its soluble salt. It acts to resist changes in 
pH. Such changes can be brought about by dilution, or by 
addition of acid or alkali. 

As acidity (hydrogen ion concentration) increases, the 
free anion from the salt combines more readily with free 
hydrogen ions, removing them from solution. As acidity 
decreases, the tendency to release hydrogen ions increases. 
Thus the buffer solution tends to maintain a constant, 
balanced hydrogen ion concentration. For example 


"s 7 pH 
HPO,” +H HPO, 
high pH 
hydrogen dihydrogen 
phosphate phosphate 


Some organic compounds, notably proteins, can function 
as buffers and they are particularly important in blood. 


A1.2 Oxidation and reduction 


All biological processes require energy to 
drive them and the biologist must be aware of the various 
reactions that make energy available for such processes. 
Chemical reactions which liberate energy are termed 
exothermic or exergonic, whilst those that use energy are 
endothermic or endergonic. Synthetic (anabolic) processes 
are endergonic (such as photosynthesis), whilst breakdown 
(catabolic) processes are exergonic (such as respiration). 
The sum of the catabolic and anabolic reactions of the cell 
occurring at any one moment represents its metabolism. 

A cell obtains the majority of its energy by oxidising food 
molecules during the process of respiration. Oxidation is 
defined as the loss of electrons. The opposite process, in 
which electrons are gained, is called reduction. The two 
always occur together, electrons being transferred from the 
electron donor, which is thereby oxidised, to the electron 
acceptor, which is thereby reduced. Such reactions are 
called redox reactions, and they are widespread in the 
chemical processes of biological systems. Several mechan- 
isms of oxidation and reduction exist, as described in the 


following sections. 


Oxidation 


Oxidation may occur directly by the addition 
of molecular oxygen to a substance, which is then said to be 


oxidised. 


A1.2.1 


A + 0,2 AO; 
However, the most common form of biological oxidation is 


when hydrogen is removed from a substance (dehydro- 
genation). 


dehydrogenation 


AH, +B A 4- BH, 


dehydrogenase 


A has been oxidised and B reduced. 

A cell possesses a number of substances called hydrogen 
carriers which act like B in the equation above. Each 
dehydrogenation is catalysed by a specific dehydrogenase 
enzyme and the carriers are arranged in a linear order such 
that their level of potential energy (section A1.6.2) 
decreases from one end of the line (which is where the 
hydrogen atoms enter) to the other. This means that each 
time hydrogen atoms are transferred from one carrier to 
another of lower potential energy, a small quantity of 
energy is liberated. In some cases this can be incorporated 
into ATP. 

In some reactions, each atom of hydrogen (which can be 
regarded as a hydrogen ion or proton, H', plus one 
negatively charged electron, e`) is not transferred as a 
whole. Here the process only involves the transfer of 
electrons. For example 


2FeCl, + Cl, 2FeCl, 
iron(II) iron(II) 
chloride chloride 


Iron(II) ions are oxidised to iron(II) ions by the loss of one 
electron per ion, or 
Fe^* Fe" +e 
reduced oxidised 
The electrons are transferred to the chlorine molecule 
which is thereby reduced and forms two chloride ions. So 
the complete ionic equation is 


2Fe* — 6 Ch = 

reduced oxidised 

Cytochromes, which contain iron, work in mitochondria 
and convey electrons (derived from hydrogen atoms which 
have split into hydrogen ions and electrons) along an 
electron transport chain. Here the electrons are passed 
from less electronegative atoms to more electronegative 
ones. The products of such reactions possess less potential 
energy than the reactants and the difference is liberated as 
energy which is utilised in one form or another. At the end 
of the chain is a cytochrome that also contains copper. This 
copper transfers its electrons directly to atmospheric 
oxygen and is thereby oxidised itself. 

2Cw = 26 = 20v" 
2H* +2e + 10, — —— H,O 


2Fé* + 
oxidised 


2C 
reduced 


2H* 42Cu* + 10, É———20w* + 


A1.2.2 Reduction 


Reduction occurs when molecular oxygen is 
removed from a substance, or hydrogen atoms are gained 
by a substance, or when an electron is gained by a 
substance. 
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A1.3 


Isotopes 


Atoms of some elements exist in more than 
one form, the different forms being called isotopes (iso, 
same; topos, place: same position in the periodic table of 
elements). All the isotopes of a given element have the 
same number of protons and electrons (same atomic 
number) and therefore have identical chemical properties. 
However, they differ in the neutron content of their nuclei 
and therefore have different masses. To distinguish 
between isotopes, mass number is added to the symbol of 
the element; for example oxygen has three naturally 
occurring isotopes, ^O, "O and "O. One isotope is usually 
much commoner than the others; for example the ratio of 
presence of "O:"O:"O is 99.759% :0.037% 0.204%. 

Some combinations of protons and neutrons give nuclei 
which can exist without change for a long time. These 
nuclei are said to be stable. Other combinations give 
unstable nuclei, that is they tend to break up or decay, 
emitting particles and radiation. Such nuclei are said to be 
radioactive and can easily be detected using various 
instruments such as Geiger-Müller tubes and counters, 
scintillation counters, and so on. As the atomic number of 
the nucleus increases, so the relative number of neutrons 
needed for stability increases. For example, the 92 protons 
of uranium need 138 neutrons to be stable. Isotopes of 
uranium with larger numbers of neutrons are radioactive, 
their nuclei being unstable. 

The rate of decay is often expressed as the half-life. This 
is the time during which, on average, half the atoms present 
will decay. For example, "C has a half-life of 5570 years. 

Radioactive isotopes can emit ‘rays’ of particles and 
radiation of three kinds. 

(1) a particles. These are identical to helium nuclei, that is 
they consist of two protons plus two neutrons. They 
have two positive charges. 

An example of a-particle emission is given below 
(see also fig AS.1). (The upper number on the 
left-hand side of each element's symbol is the mass 
number and the lower is the atomic number.) 


SU "Th + tH 


The **U nucleus ejects an a particle, thus losing four 
units of mass and two of charge and becoming an 
isotope of thorium. 

(2) B particles. These are fast-moving electrons derived 
from the nucleus when a neutron changes to a proton. B 
particles have a single negative charge (see also fig 
AS.1). 

An example of f-particle emission is 


Ih "Pa + (e^) 


The thorium nucleus ejects an electron; one of its 
neutrons therefore becomes a proton. Its atomic mass 
is unchanged, but its atomic number (number of 
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protons) is increased by one, and it becomes an isotope 
of protactinium. 

(3) y rays. These are very short wavelength electromagne- 
tic waves associated with a and f decay. They have a 
high energy and are very difficult to stop, passing, for 
example, through thick sheets of lead. 

a particles are easily stopped, for example by air or by a 
thin sheet of paper. B particles have a greater penetrating 
power but are stopped by a thick sheet of aluminium or a 
thin sheet of lead. The particles and the radiation can be 
harmful to living organisms if they are in close enough 
proximity to cells. 


A1.4 Solutions and the colloidal state 


Solutions have at least two parts or phases: the 
continuous (dispersion) phase or solvent, in which the 
disperse phase or solute is supported or dissolved. 

In 1861 Graham distinguished between two types ol 
solute which he called erystalloids and colloids, These he 
differentiated according to whether the solute molecules 
were capable of passing through a parchment (partially 
permeable) membrane. In fact, in biological systems there 
is no clear distinction between them since the biological 
solvent is always water and the properties of an 
water-based solution depend upon the size of the solute 
molecule and the effect of gravity. Three types of solution 
may be identified. 

(1) True solution. In this, solute particles are small and 
comparable in size to the solvent molecules, forming a 
homogeneous system, and the particles do not separate 
out under the influence of gravity; for example salt 
solution and sucrose solution. Such solutions arc 
regarded by chemists as forming one phase. 

(2) Colloidal solution. The solute particles are large by 
comparison with those of the solvent. forming a 
heterogeneous system, but the particles still do not 
Separate out under gravity; for example clay in water. 

(3) Suspension or emulsion. The solute particles are so 
large that they cannot remain dispersed against 
gravitational force unless the suspension is stirred 
continuously. A suspension has solid particles whereas 
an emulsion has liquid particles in the disperse phase, 
for example a silt suspension. 

The three systems above can be described as dispersion 
Systems because the particles are dispersed through a 
medium. Dispersion systems can involve all three states of 
matter, namely solid, liquid and gas; for example gas in 
water (soda water), sodium chloride in water (salt solution) 
and solid in solid (copper in zinc as brass). All can be called 
solutions, but generally this term refers to those systems 
that have a liquid solvent. 

Many biological systems exist as colloidal solutions 


which are either hydrophobic or hydrophilic: a hydropho- 
bic sol is water-hating, such as clay or charcoal in water, 
and a hydrophilic sol is water-loving, such as starch, table 
jelly, gelatin and agar-agar. Most of the colloidal solutions 
occurring in organisms, such as protein solutions, are 
hydrophobic sols. The viscosity of a hydrophilic sol, such as 
table jelly, can be increased by making it more concen- 
trated or by lowering the temperature. As viscosity 
increases, the sol may set and is then called a gel. A gel is a 
more or less rigid colloidal system, although there is no 
sharp distinction between sol and gel. Ionic composition, 
pH and pressure are other factors which can affect sol-gel 
transformations and all may be important in living cells 
under certain circumstances. 

Characteristics of the colloidal state are shown in table 
A1.4. 


A1.5 


Diffusion and osmosis 


Molecules and ions in solution can move 
passively and spontaneously in a particular direction as a 
result of diffusion. Osmosis is a special type of diffusion. 
Such movements in living organisms do not require the 
expenditure of energy, unlike active transport. Another 
type of movement, namely mass flow, is considered in 
chapter 14. 


A1.5.1 Diffusion 


Diffusion involves the random and spon- 
taneous movement of individual molecules and ions. For 
example, if a bottle of concentrated ammonia solution is 
left on a bench and the stopper removed, the smell of 


Table A1.4 Characteristics of the colloidal state. 


Phenomenon Physical properties 


Biological properties 


Dialysis (the separa- Colloids cannot pass through such membranes 

tion of particles by 

partially permeable 

membranes) 

Very small particles viewed under a microscope vibrate 
without changing position. This movement is due to 
the continuous bombardment of the molecules by the 
solvent molecules, for example Indian ink in water 
The movement of particles during this process depends 
on the size of the molecule. The actual size of the 
particles can be measured by varying the size of the 
filter pores 

Hydrophobic colloids develop extremely low osmotic 


Brownian movement 


Filtration 


Osmotic pressure 


but measurable osmotic pressures in solution 


Hydrophobic colloids can be precipitated (coagula- 
tion). A positively charged colloid will precipitate a 
negatively charged colloid. Electrolytes have the same 
effect 

Colloidal particles present an enormous surface area to 
the surrounding solvent. The surface energy is con- 
siderable here and this energy can cause molecules 

to aggregate at the surface interface. This is called 
adsorption. For example, charcoal is used to adsorb 
gases in respirators, or dyes from solution. This pheno- 


Precipitation 


Surface properties 


menon can be used for stabilising colloidal sols, such as 


pressures in solution. Hydrophilic colloids develop small 


Colloidal protoplasm is retained within the plasma 
membrane. Large molecules cannot pass through 
and must therefore be changed to smaller molecules 
such as starch to glucose 

All living cytoplasm is colloidal and minute 
particles in the cell can be seen to exhibit Brownian 
movement 


Dilute acids or rennet coagulate casein of milk, 

as in cheese-making. Precipitation of pectin from cell 
walls occurs during jam-making. Heat irreversibly 
coagulates egg albumen 

Adsorption of molecules occurs in the cell 

colloids particularly in cells near to, or concerned 
in the uptake of, ions, such as cortical cells of the 
root 


in the addition of egg to mayonnaise, or soap to oil-based 


insecticides 
The sol state is fluid and the gel state is solid; for 


Gel to sol and reverse g l 
example, starch in hot water is a colloidal sol but when 


changes 
, cooled it becomes a colloidal gel. Change of pH, 
temperature, pressure and the presence of metallic 
ions can also be equally effective 
Imbibition The absorption of fluid by colloids is called imbibition; 


for example gelatin taking in water 


Clotting of blood is a sol to gel change with the 
gelation of the protein fibrinogen. Heat changes 
egg albumen from sol to gel 


The testa of a dry seed or cellulose in cell walls 
take up water by imbibition. The release of 
gametes from simple sex organs, such as 
antheridia, is due to imbibitional swelling 
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ammonia soon penetrates the room. The process by which 
the ammonia molecules spread is diffusion, and although 
individual molecules may move in any direction, the net 
direction is outwards from the concentrated source to areas 
of lower concentration. Thus diffusion may be described as 
the movement of molecules or ions from a region of their 
high concentration to a region of their low concentration 
down a concentration gradient. In contrast to mass flow it is 
possible for the net diffusion of different types of molecule 
or ion to be in different directions at the same time, each 
type moving down its own concentration gradient. Thus in 
the lungs, oxygen diffuses into the blood at the same time 
as carbon dioxide diffuses out into the alveoli; mass flow of 
blood through the lungs, however, can be in one direction 
only. Also, smaller molecules and ions diffuse faster than 
larger ones, assuming equal concentration gradients. 
There is a modified form of diffusion called facilitated 
diffusion which is described in section 7.2.2. 


A1.5.2 Osmosis 


Osmosis is the passage of solvent molecules 
from a region of their high concentration to a region of their 
low concentration through a differentially permeable mem- 
brane. The solvent in all biological systems is water. 

Certain membranes, usually known as semi-permeable 
membranes, allow the passage of solvent molecules only 
and completely exclude solute molecules or ions. The 
membranes of living cells, however, allow the passage of 
certain solute molecules or ions in a selective manner, 
depending on the nature of the membrane. They are 
therefore best described as differentially, or selectively, 
permeable rather than semi-permeable. 

Imagine a situation in which an aqueous solution A, with 
à high concentration of solute, is separated by a dif- 
ferentially permeable membrane from an aqueous solution 
B with a low concentration of solute. Solution A is said to 
be hypertonic to solution B, and solution B hypotonic to 
solution A. In this situation, there will be a net movement 
of water (solvent) molecules through the membrane from 
the hypotonic solution to the hypertonic solution by 
osmosis. This will continue until equilibrium is reached, at 
which point there is no further net movement of water and 
the two solutions are described as isotonic (having the same 
tonicity). 

In the example given, water moves from B to A because 
solution B has a higher concentration of water molecules 
than solution A. In other words, water moves by diffusion. 
Osmosis is therefore best regarded as a special kind of 
diffusion in which equilibrium is attained by movement of 
solvent molecules only. The effects of hypotonic, isotonic 
and hypertonic solutions on red blood cells are shown in 
fig A1.3. 

Sea water is hypertonic to the majority of living 
organisms (salinity is 34.5 parts per thousand) and fresh 
water is hypotonic to all living organisms (salinity less than 
0.5 parts per thousand). Animals and plants living in 
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Fig A1.3 The relative directions of movement of water 
molecules across the plasma membrane of red blood cells 
placed in solutions of different concentrations. In (a) there is a 
net entry of water into the cell and the pressure set up bursis 
the membrane. This is called haemolysis. In (b) there is n 
change in the volume of the cell since equal quantities oí 
water flow across the membrane in both directions. In (c) 
there is a net loss of water from the cell, the membrane 
‘collapses’ and the appearance is described as ‘crenated 


estuaries have particular problems and the nature of tl. 
and their solutions are described in section 19.3.4. 

If a solution is separated by a differentially permea'ii 
membrane from pure water, the hydrostatic pres: 
required to resist the osmotic flow of water into the solut 
is called the osmotic pressure of that solution. The higher 
the concentration of a solution the higher is the osm 
pressure. The osmotic pressure of a solution can ons 
measured as a real pressure in a piece of apparatus called an 
osmometer. In normal situations the osmotic pressure o! à 
solution is only a potential pressure and the term osmotic 
potential is preferable to osmotic pressure. Osmoii 
potential is, by convention, given a negative sign (sect 
14.1.2) and represented by the Greek letter x (pi). ! 
example, a molar solution of sucrose at 20 °C has ai 
osmotic pressure of 3 510 kPa, but an osmotic potential 
—3510 kPa. The more concentrated a solution, the high. 
is its osmotic pressure and the lower its osmotic potential 
Unfortunately, the terms ‘osmotic pressure’ and ‘osmoti 
potential’ are often used interchangeably and mo 
concentrated solutions are mistakenly described as havin; 
higher osmotic potentials. For this reason, and becaux 
positive terms are easier to handle in equations, the term 
osmotic pressure is used throughout these books. 


A1.6 


Laws of thermodynamics 


All chemical changes are governed by the laws 
of thermodynamics. The first law, called the law of 
conservation of energy, states that for any chemical process 
the total energy of the System and its surroundings always 
remains constant. This means that energy is neither created 
nor destroyed, and that if the chemical system gains energy 
then that quantity of energy must have been provided by 
the surroundings of the System, and vice versa, Therefore 
energy may be redistributed, converted into another form 
or both, but never lost. 

The second law states that when left to themselves, 
systems and their Surroundings usually approach a state of 
maximum disorder (entropy). This implies that highly 


ordered systems will readily deteriorate unless energy is 
used to maintain their order. All biological processes obey, 
and are governed by, these two laws of thermodynamics. 


A1.6.1 Energy relations in living systems 


Consider the decomposition of hydrogen 
peroxide into water and oxygen: 


2H;0, = 2H, + O, 


Generally, pure hydrogen peroxide will persist for a long 
time with no significant decomposition. For decomposition 
to occur, molecules must, on collision, have energy greater 
than a certain level, called the activation energy, E,. Once 
this energy is reached, changes in the bonding pattern of 
ihe molecules occur and the reaction may generate enough 
energy to proceed spontaneously. The activation energy 
required varies with different reactants. 

Addition of heat energy is the most common way in 
which activation energy is reached, and most reactants 
require quantities far greater than that provided by normal 
temperatures. For example, it is only when hydrogen 
peroxide is heated to 150 °C that it decomposes rapidly 
enough to cause an explosive reaction. Water and oxygen 
are produced and energy is liberated. The overall energy 
change which occurs in this reaction is called the free 
energy change (AG). As the reaction is very rapid, and the 
products water and oxygen generally do not re-unite to 
form hydrogen peroxide, the energy liberated is actually 
lost from the chemical system to the environment. 
Therefore AG is negative (fig A1.4). 

Obviously high temperatures would be lethal to biologi- 
cal systems and so enzymes are used instead. Acting as 
catalysts, they reduce the activation energy required by the 
reactants and therefore increase the rates of chemical 
reactions without addition of energy, such as a rise in 
temperature, to the system. Catalase is the enzyme that 
promotes rapid decomposition of aqueous solutions of 
hydrogen peroxide in living systems. 
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Fig A1.4 Activation energy 
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Fig A1.5 Potential and kinetic energy 


A1.6.2 Potential energy 


This is defined as the energy which a system 
possesses because of its position and condition. Consider a 
stationary ball at the top of a slope (fig A1.5). The ball 
possesses an amount of gravitational potential energy 
equal to the work done to place it there originally. When it 
rolls down the slope some of the potential energy of the ball 
is converted into kinetic energy. When the ball comes to 
rest at the bottom of the slope it possesses less potential 
energy than it had at the top. In order to restore the ball's 
potential energy to its original value, energy from the 
environment must be used to raise it once more to the top 
of the slope. 

Potential energy for biological systems is built up by 
green plants during the production of sugar when photo- 
synthesis occurs (fig A1.6). During this process, solar 
energy boosts certain electrons from their orbits with the 
result that they acquire potential energy. When oxidation 
of the sugar takes place during respiration, the potential 
energy of the electrons is used in various forms by living 
systems. 


free energy supplied to 
endergonic reactions 


À 


ADP +P 
(C ATP 
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respiration (exergonic reaction) 
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sugar (potential energy) 


À 


photosynthesis by green 
plants (endergonic reaction) 


À 


Sun (free energy source) 


Fig A1.6 Movement of energy through biological systems 
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A1.7 


The electromagnetic spectrum 


The Sun emits energy in the form of electrical 
and magnetic vibrations, called electromagnetic waves or 
electromagnetic radiation. The complete range of electro- 
magnetic radiation is called the electromagnetic spectrum 
(fig A1.7), and includes gamma- and X-rays, ultra-violet 
and visible light, infra-red radiation and radio waves. The 
differences between these forms of radiation are deter- 
mined by their frequency, which is the rate (frequency) at 
which the waves are produced. Wavelength is inversely 
proportional to frequency. Thus a high frequency corres- 
ponds to a short wavelength. The shortest waves are the 
cosmic gamma-rays, whilst the longest are the long radio 
waves. 

Even though the various types of waves differ in their 
wavelengths, they all possess the following common 
features: 


(1) they travel across a vacuum at the same speed, 
3x10 ms"; 

(2) they are transverse waves; 

(3) they can be plane-polarised; 

(4) they demonstrate the wave effects of interference and 
diffraction. 


The visible spectrum occupies a very narrow part of 
the electromagnetic spectrum (wavelengths between 
380—760 nm). This is the only part that can be perceived as 
light by the naked eye. 


Fig A1.7 The electromagnetic spectrum 
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A1.8 Chromatography 


Chromatography is a technique used for the 
separating of mixtures into their components. The tech- 
nique depends upon the differential movement of each 
component through a stationary medium under the 
influence of a moving solvent. For example, the green 
pigment in plants, when dissolved in a suitable solvent and 
allowed to pass through a stationary medium such as 
powdered chalk, separates into a number of different 
coloured pigments. A similar experiment is described in 
experiment A1.3. 

There are three basic types of chromatography, depen 
ing on the nature of the stationary medium: p: 
chromatography, adsorption column chromatography ! 
thin-layer chromatography. Paper chromatography is us 
in experiments A1.1-1.3 and is also described further 
section 9.4.3. 

The various techniques of chromatography are n 
widely used in chemistry, biology, biochemistry and 
specialist sciences as forensic medicine. 


Electrophoresis 


Electrophoresis is a modified form of chromatography 

to separate charged molecules. An electric curren) is 
applied across a chromatographic medium such tha: 

end has a positive charge and the other a negative char 
Individual molecules in the mixture move out 
through the medium towards the ends depending on 
relative masses and charges. Electrophoresis is common! 
used in the isolation and identification of amino a: 
where the technique is improved further by adjusting t! 
pH of the medium. 
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A1.8.1 The concept of R, values 


The movement of the solute relative to the 
solvent front on a chromatographic system is constant for 
that solute. This can be expressed in the term R, as shown 
below. 


mus distance moved by solute 
(= 


distance moved by solvent front 


If the solvent front goes off the end of the paper then it is 
possible to express the movement of a particular solute in 
comparison with the movement of another standard solute. 


distance moved by solute 


Thus R, = 
distance moved by standard solute x 


See fig A1.8c. 


Two-dimensional 
graphy 

Complex mixtures of solutes cannot always be 
separated efficiently by chromatography in one direction 
only. Thus a further separation must be carried out using a 
second solvent at right-angles to the first for a better 
separation of the spots (fig A1.8d). 

A square sheet of paper is used. The test solution is 
applied to the base line near one end and the first 
separation is carried out. The paper is removed, dried and 
turned through 90° and a further chromatographic run is 
made with a different solvent. As a result the partially 
separated solutes of the first run are further separated in 
the second solvent which has different characteristics from 
the first. The paper is removed, dried, and the solutes 
located with a suitable reagent. The identification of a 
given compound can be made by comparison of its position 
with that of known standard compounds. This was the 
technique used by Calvin during his experiments to identify 
the initial products of the photosynthetic process (section 
9.1.3). 

Before running chromatograms of biological interest, it 
is helpful to practise the technique using coloured inks or 
indicators. The following experiments will show that the 
smaller, that is the more concentrated, the spot of origin, 
the better the separation. They also show that the longer 
the chromatogram runs, the better the separation of the 


samples. 


A1.8.2 paper chromato- 


Experiment A1.1: Separation of indicators 


Materials m 
Whatman no. 1 or no. 3 filter paper petri dish 
methyl orange (screened) pipette 


bottle of 880 ammonia 


Method . 
Place a drop of screened methyl orange in the centre ofthe 


filter paper. Wave the paper in the air to dry it, hold it over 
an open bottle of 880 ammonia for a short while and then 


place the paper over a petri dish (fig A1.8a). Add one drop 
of water to the spot of the indicator. 


Observations 

The two indicators present in the methyl orange move 
outwards at different rates, the blue ring moving faster than 
the yellow ring. The blue ring is the indicator bromothymol 
blue and the yellow is methyl orange. 
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Fig A1.8 Techniques of chromatography 


Experiment A1.2: Separation of coloured inks 
into their various components 


Materials 
boiling tube drawing pin 
cork water-soluble felt-tip pens 
filter paper distilled water 
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Method 

(1) Obtain a boiling tube and cork as shown in fig A1.8b. 
Pin a rectangle of filter paper to the underside of the 

cork by means of a drawing pin. Draw a pencil line 
across the free end of the filter paper about 1 cm up 
from the end. 

(2) Mark crosses at equal intervals across the paper on 
the origin line, one cross for each ink being tested. 

(3) Using water-soluble felt-tip pens of different colours, 
Spot a sample ink on each cross and label the spot in 
pencil below the origin. The spot should be no larger 
than 2 mm. Allow the spots to dry. 

(4) Suspend the paper in the boiling tube so that the origin 
is close to the surface ofthe solvent with the end of the 
paper just immersed. The solvent is distilled water. 

(5) Allow the chromatogram to run until the solvent front is 
1 cm from the top of the paper. Remove the chromato- 
gram and allow to dry, having marked the end of the 
Solvent front in pencil. 

(6) If larger scale chromatography tanks are available 
these can be used for either ascending or descending 
runs. 


Experiment A1.3: To separate plant pigments by 
paper chromatography 


Materials 
leaves of nettle or Buchner funnel 
spinach separating funnel 
blender or knife light petroleum 
90% propanone (acetone) (BP 37.8-48.9*C) 
mortar and pestle boiling tube 
small piece of capillary filter paper 
tube drawing pin 
Method 


Mince some leaves of nettle (Urtica dioica) or spinach in a 
blender (or simply cut them up into small pieces by 
chopping with a knife). Grind up the leaves with 90% 
propanone (acetone) in a mortar. Filter the extract through 
a Buchner funnel into a separating funnel. Add an equal 
volume of light petroleum. Shake the mixture thoroughly. 
Wash through with water several times and each time 
discard the water layer with its contents. The solvent for 
running the chromatogram is 100 parts of light petroleum: 
12 parts of 90% propanone. Use a boiling tube and filter 
paper as described in the previous experiment. In the 
same manner rule a pencil line about 1 cm from the bottom 
of the filter paper. By means of a small piece of capillary 
tube, spot the mixture of pigments in the centre of the 
pencil line. Pour the solvent into the boiling tube to a depth 
of about 2 cm and then fix the cork and paper into the tube. 
The solvent should be allowed to run until it is just below 
the cork. This should take about 1—2 h. The tube should be 
placed in dim light. 
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Results 
The following colour bands should be shown. 


Colour of spot R, value Pigments present 


carotene 
phaeophytin 

xanthophyll (often differentiates 
into two spots) 

chlorophyll a 

chlorophyll b 


yellow 0.95 
yellow-grey 0.83 
yellow-brown — 0.71 


blue-green 0.65 
green 0.45 


Appendix 2 
Biological techniques 


A2.1 


Scientific method 


Science may be defined in terms of eith 
knowledge or method. Scientific knowledge is the : 
body of factual material which has been accumulated |‘ 
Scientific method) relating to the events of the matc: 
world. 

‘Science is almost wholly the outgrowth of pleasursi 

intellectual curiosity.' A. N. Whitehead 

In order to satisfy their curiosity, scientists mı 
continually pose questions about the world. The secret o 
success in science is to ask the right questions. 

"The formulation of a problem is often more essentia! 
than its solution, which may be mainly a matter « 
mathematical or experimental skill. To raise new 
questions, new possibilities, to regard old problems fron 
a new angle, requires creative imagination and mark: 
real advance in science.' Albert Einstein 
Scientific investigations may begin in response to 

observations made by scientists or in response to some 
internal ‘inductive’ process on the part of scientists. Those 
aspects of knowledge which are described as scientific 
must, as the contemporary philosopher of science Karl 
Popper has stated, be capable of ‘refutation’. This means 
that the facts of scientific knowledge must be testable and 
repeatable by other scientists. Thus it is essential that all 
scientific investigations are described fully and clearly as 
described in section A2.5. If investigations yield identical 
results under identical conditions, then the results may be 
accepted as valid. Knowledge which cannot be investigated 
as described above is not scientific and is described as 
‘metaphysical’. 

Facts are based on observations obtained directly or 
indirectly by the senses or instruments, such as light or 
radio telescopes, light or electron microscopes and cathode 
ray oscilloscopes, which act as extensions of our senses. All 
the facts related to a particular problem are called data. 
Observations may be qualitative (that is describe colour, 


shape, taste, presence and so on) or quantitative. The latter 

is a more precise form of observation and involves the 

measurement of an amount or quantity which may have 
been demonstrated qualitatively. 

Observations provide the raw material which leads to the 
formulation of a hypothesis (fig A2.1). A hypothesis is an 
assumption or question based on the observations, that 
may provide a valid explanation of the observations. 
Einstein stated that a hypothesis has two functions. 

(1) It should account for all the observed facts relevant to 
that problem. 

(2) It should lead to the prediction of new information. 
New observations (facts, data) which support the 
hypothesis will strengthen it. New observations which 
contradict the hypothesis must result in it being 
modified or even rejected. 

In order to assess the validity of a hypothesis it is 
necessary to design a series of experiments aimed at 
producing new observations which will support or contra- 
dict the hypothesis. In most hypotheses there are a number 
of factors which may influence the observation; these are 
called variables. Hypotheses are objectively tested by a 
series of experiments in which each one of the hypothetical 
variables influencing the observations is systematically 
eliminated. The experimental series is said to be controlled 
and this ensures that only one variable of the problem is 
tested at a given time. 

The most successful hypothesis becomes a ruling 
hypothesis, and if it withstands attempts at falsification and 
continues to be successful in predicting previously unex- 
plained facts and relationships it may become a theory. 

The trend throughout scientific study is to achieve higher 
levels of predictability (probability). When a theory has 
proved invariable under all circumstancs, or such varia- 
tions as occur are systematic and predictable, then it may 
be accepted as a law. 

As knowledge increases and techniques of investigation 
improve, hypotheses and even well-established theories 
may be challenged, modified and even rejected. Science is 
dynamic and controversial and the objective methods of 
science are always exposed to challenge. 


A2.2 Recording by biological drawing 


Purpose 
(1) To provide a record of work for future reference. 
(2) To supplement observation and to enable you to see 
more fully and accurately the studies that you are 
investigating. 
(3) To aid memory of what you see by actively recording. 
Principles 
(1) Notebook or drawing paper of suitable thickness and 
quality must be used. It must be capable of standing 
some erasure of incorrect pencil lines. 
(2) Pencils should be sharp and of HB quality. No 
coloured pencils should be used. 


| law Fig A2.1 Summary of scientific method 
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(3) Drawings must be: 

(a) large enough ~ the greater the number of parts the 
larger the drawing; 

(b) simple — include the outline of the structure and 
other useful landmarks to show topography and 
relationship of parts; 

(c) accurate — if the subject has several similar parts, 
draw a small portion accurately; 

(d) drawn with lines sharp and clear — each line should 
be considered and then drawn without removing the 
pencil from the paper; shading and colour should be 
avoided; 

(e) labelled — these should be as complete as possible 
with label lines that do not cross; space labels around 
the figure. 

(4) Make two drawings if necessary: (a) a simple drawing 
of the main features, and (5) details of small parts only. 
For example, a low power plan of a plant section, and a 
high power detail of the cells in a wedge or quadrant of 
the plan. 

(5) Draw what you see and not what you think you see, 
and certainly not a textbook copy. 

(6) Every drawing should have a title, magnification, 
viewpoint of the specimen (such as TS, RLS and so on) 
and explanatory notes (fig A2.2). 

(7) Drawings of apparatus should be as a vertical section 
showing clearly where there can be a flow of gases from 
vessels, through tubes and valves. 
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Fig A2.2 Types of section in biological drawings: (a) 
transverse sections, (b) longitudinal sections 


A2.3 


Use of the hand lens and the 
microscope 


A2.3.1 The hand lens 


This is a convex lens mounted in a frame. The 
frame may be of small size (pocket lens), or much larger for 
aiding dissection (tripod lens). The hand lens should be 
held close to the eye and the object brought towards the 
lens until an enlarged image can be seen. If a drawing is to 
be made from the object under investigation, then the 
magnification of the drawing in relation to the size of the 
object must be calculated. 


linear dimension of the drawing 


Drawing magnification — — - - 
linear dimension of the object 


=3 


For example = 


NID 


This can be written as x3. 


A2.3.2 The microscope 


The microscope uses the magnifying powers of 
two convex lenses to produce a magnified image of a very 
small object. Examine a microscope and identify the parts 
shown in fig A2.3. The microscope is an expensive 
instrument and should be handled carefully, paying 
attention to the following. 

(1) Keep the instrument in a box (or under a cover) when 
not in use in order to maintain it in a dust-free state. 

(2) Remove it from the box using two hands and place it on 
the bench gently to avoid unnecessary jarring. 

(3) The lenses must be kept clean by wiping with a lens 
tissue. 

(4) The microscope must always be focussed upwards, 
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never downwards. It is very easy to pass through the 
plane of focus when looking through the microscope 
and focussing downwards, and as a result damage the 
slide. 
(5) Keep both eyes open and use each eye in turn. 
Adjustment of the microscope for loy 
power work 


Place the microscope on the bench and sit behind it in a 
comfortable position. The object on the stage must be 
illuminated and this can be done with light from 
built-in light source, from a window or a bench lam; 
Light from the latter two sources shines on th 
understage mirror such that the curved surface refle: 
it up through the hole in the stage. The flat mirror 
used to shine light through a sub-stage condense: 
there is one fitted. 

(2) Using the coarse adjustment screw, rack up the tul 
and turn the nosepiece until the lowest pow 
objective (X10 or 16mm) clicks into line with : 
microscope tube. 

Place the slide to be examined on the microscope st 
such that the material under the cover-slip is in t 
middle of the aperture of the stage. 

Viewing the stage and the slide from the side, ra 
down the coarse adjustment until the low pow 
objective is about 5 mm from the slide. 

Looking through the microscope, rack up by mean: 
the coarse adjustment until the object is in focus 


(1) 


(5) 


Adjustment of the microscope for high 

power work 
(1) High power work needs artificial light for sufficient 
illumination. Use a bench lamp or microscope lam; 
with an opal bulb. If a filament bulb is used, it is 


— eyepiece 
nosepiece———— — — — —— = 
\ „coarse 
/ 
/ adjustment 
screw 
objectives — — — — — —— 

— ——fine 
adjustment 
screw 

substage———— — —— —— 
condenser 
mirror— ——— — — — 


stage 


Fig A2.3 A modern compound light microscope 


necessary to place a sheet of paper between the bulb 
and the microscope. Swing the mirror so that the flat 
surface is uppermost and the light is thrown up into the 
microscope. 

2) To focus the condenser, leave the slide on the stage. 
Rack up the sub-stage condenser until within 5 mm of 
the stage. Look down the microscope and rack up the 
coarse adjustment until the object comes into focus. 
Now adjust the focus of the condenser until the image 
of the lamp is just superimposed on the slide. Put the 
condenser just out of focus so that the lamp image 
disappears. The lighting should now be at its optimum. 
Incorporated with the condenser is the diaphragm. 
This adjusts the opening through which light passes 
and the aperture should be as wide as possible. The 
definition will then be at its best (see fig A2.3). 

3) Turn the nosepiece until the high power objective lens 
(X40 or 4 mm) clicks into place. If focus has already 
been achieved under low power, the nosepiece should 
automatically bring the high power lens into approxi- 
mate focus. Adjust carefully using the fine adjustment 
and always focussing upwards. 

(4) If the focus is still not correct after moving the higher 
power objective lens then use the following procedure. 
Look at the stage from the side, lower the tube until 
the objective lens is almost touching the slide. Watch 
the reflection of the objective lens in the slide and then 
aim to make the lens and its image almost meet. 

(5) Look into the microscope and rack up slowly using the 
fine adjustment until the object is in focus. 


Magnification 
The magnification of the object is the multiple of eyepiece 
and objective lens magnifications (table A2.1). 


Table A2.1 Magnification of the microscope. 


Objective Eyepiece Magnification of 
lens lens the object 

x10 x6 x60 

x40 x6 x240 

x10 x10 x100 

x40 x10 x400 


Oil immersion 


For higher magnification than normal high power work 
(x400) an oil immersion lens can be used. The light 
gathering properties of the lens are greatly enhanced by 
placing a fluid between the objective lens and the 
cover-slip. The fluid must have the same refractive index as 
the lens itself so that the fluid used is generally cedarwood 
oil. 

(1) Place the slide on the stage and focus as normal for high 
power work. Replace the objective lens with an oil 
immersion lens. 

(2) Place a drop of cedarwood oil on top of the glass 
cover-slip over the top of the object to be examined. 


(3) Focus the object again under low power, then swing in 
the oil immersion objective lens so that the tip is in 
contact with the oil. 

(4) Look down the microscope and very carefully adjust 
the lens using the fine adjustment. Remember that at 
the plane of focus the lens is only 1 mm from the 
cover-slip of the slide. 

(5) After use, clean the oil from the lens with soft tissue. 


A2.4 


A2.4.1 


Microscope techniques 


Preparation of material for the micro- 
scope 


Biological specimens may be examined in a 
living or preserved form. In the latter case material can be 
sectioned for closer examination and treated with a wide 
variety of stains to reveal and identify different structures. 
Preparations of freshly killed material may be temporary or 
permanent. 


A2.4.2 


(1) Fixation. This is the preservation of material in a 
life-like condition. Tissues must be killed rapidly and 
this is best achieved with small pieces of living 
material. The agent used is called a fixative. By this 
method the original shape and structure are main- 
tained and the tissue hardens so that thin sections can 
be cut. 

(2) Dehydration. Dehydration, or removal of water, is 
done to prepare the material for infiltration with an 
embedding medium (see 4 below) or mounting 
medium (see 7 below) with which water is not miscible. 
Also, bacterial decay would eventually occur if water 
were present. For preservation of fine detail, dehydra- 
tion should be gradual and accomplished by a series of 
increasingly concentrated ethanol/water or propanone 
(acetone)/water mixtures, finishing in ‘absolute’ 
(pure) ethanol or propanone. 

(3) Clearing. Alcohol is not miscible with some of the 
common embedding and mounting media. Where this 
is the case, it is subsequently replaced with a medium 
(clearing agent) which is miscible, such as xylol. This 
also renders the material transparent. 

(4) Embedding. Very thin sections are cut by a microtome, 
providing that the material is embedded in a support- 
ing medium. For light microscopy, embedding in- 
volves impregnating the material with molten wax 
which is then allowed to set. A harder material (plastic 
or resin) must be used for electron microscopy because 
thinner sections are required, demanding more rigid 
support when cutting. 

(5) Sectioning. Most pieces of material are too thick to 
allow sufficient light to pass through for microscopic 
investigation. It is usually necessary to cut very thin 
slices of the material (sections) and this may be done 


Permanent preparations 
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with a razor or a microtome. Hand-sectioning is 
performed with a razor which must be of shaving 
Sharpness. For ordinary work, sections should be 
8-12 um thick. The tissue must be held firmly between 
two pieces of elder pith. The razor is wetted with some 
of the liquid in which the tissue is stored and the cut is 
made through pith and tissue keeping the razor 
horizontal and drawing it towards the body with a long 
oblique sliding movement. Cut several sections fairly 
rapidly. Be content with the thinnest sections showing 
representative portions of the tissue. 


Table A2.2 Common stains for plant and animal tissues. 


Final Suitable 
colour for: 


Stain 


Permanent stains 
aniline blue (cotton blue 
blue) in lactophenol 


fungal hyphae and spores 


borax carmine pink nuclei; particularly for whole 
mounts (large pieces) of animal 
material, e.g. Obelia colony 
eosin pink cytoplasm (see haematoxylin) 
red cellulose 
Feulgen's stain red/ DNA; particularly useful for 
purple showing chromosomes during 
cell division 
haematoxylin blue nuclei; mainly used for sections 
of animal tissue with eosin as 
counterstain* for cytoplasm; 
also for smears 
Leishman's stain red- blood cells 
pink 


blue white blood cell nuclei 


light green or fast green cytoplasm and cellulose (see 
green safranin) 
methylene blue blue nuclei 
(0.12596 methylene blue in 
0.75% NaCl solution suitable 
as a vital stain) 
safranin red nuclei; lignin and suberin of 
plants; mainly used for sections 
of plant tissue with light green 
as counterstain* for cytoplasm 
Temporary stains 
aniline hydrochloride yellow lignin 
or aniline sulphate 
iodine solution blue- starch 
black 
phloroglucinol + red lignin 
conc. HCI 
Schulze’s solution yellow lignin, cutin, suberin, protein 
(chlor-zinc-iodine) 
blue starch 
blue or cellulose 
violet 


* counterstain: two stains may be used (double staining) in which case 
the second is called the counterstain. 
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Embedded tissues can be sectioned with a micro- 
tome. For light microscopy, sections a few micro- 
metres thick can be cut from wax-embedded tissues 
using a steel knife. The ultramicrotome is used fo: 
cutting extremely thin sections (20-100 nm) for elec- 
tron microscopy, and a diamond or glass knife must be 
used. 

The need for embedding can be avoided in ligh 
microscopy by using a freezing microtome which kec 
the specimen frozen, and therefore rigid, duri: 
cutting. 

(6) Staining. Most biological structures are transparent 
that some means of obtaining contrast betwee) 
different structures must be employed. The m 
common method is staining. Some of the stains used 
light microscopy are shown in table A2.2. 

Certain stains when used in low concentration: 
non-toxic to living tissue and can therefore be used 
living material. These are called vital stains. 
example methylene blue and neutral red. 

To stain wax-embedded sections, the wax is « 
solved away and the material partially rehydra: 
before staining. 

(7) Mounting. For light microscopy, the final stain 
sections are ‘mounted’ on a glass slide in a resino: 
medium which will exclude air and protect the 
indefinitely, such as Canada balsam or euparol. Th 
mounted specimen is covered with a glass cover-s! 

The sequence of events described above is typical ! 
preparations of thin sections for permanent preparatio: 

However, two common variations in the order of even 

are: 

(a) if hand-cut sections of fresh material are used, sectio: 
ing precedes fixation; 

(5) staining may follow fixation and be carried out at t! 
appropriate stage of the dehydration sequence, fo 
example a stain dissolved in 50% ethanol would be 
used after dehydration in 50% ethanol. 

The above procedures are similar in principle for both 
light and electron microscopy, although details differ as 
outlined in table A2.3. 


A2.4.3 Temporary preparations 


Temporary preparations of material for light 
microscopy can be made rapidly, unlike permanent 
Preparations. They are suitable for quick preliminary 
investigations. The stages involved are fixation, staining 
and mounting. Sectioning may precede fixation, or macer- 
ated material, such as macerated wood, may be used. Fresh 
material may be hand-sectioned with a razor directly into 
70% alcohol as a fixative. For staining and mounting, a 
number of temporary stains may be used; some suitable for 
plant materials are shown in table A2.2. In each case the 
material should be placed on a clean glass slide (wipe clean 
with alcohol) and a few drops of stain added. In the case of 
phloroglucinol, one drop of concentrated hydrochloric acid 
is also added. The specimen is then covered with a thin 


Table A2.3 Differences in preparation of material for 
light and electron microscopes. 


Treatment For light microscopes For electron microscopes 


Fixation As for electron Glutaraldehyde or mixture 
microscopy, or for of glutaraldehyde and osmic 
example 99 parts . acid (OsO,) is often used. 
ethanol: 1 part glacial OsO, also stains lipids, and 
ethanoic acid (‘al- hence membranes, black. 
cohol/acetic’), or Smaller pieces of material 
70% ethanol (but this fixed for more rapid and 
causes shrinkage and better preservation of fine 
damage to delicate structure 
structures) 

Dehydration Ethanol or propanone series ———> 

mbedding Wax Resin (e.g. araldite, epon) 
or plastic 
ctioning Metal knife Only diamond or glass 
knives are sharp enough to 
cut the ultrathin sections 
required 
Microtome used Ultramicrotome used 
Sections are few Sections 20-100 nm thick 
micrometres thick 
taining Coloured dyes Heavy metals, e.g. com- 
(reflect visible light) pounds of osmium, 
uranium, lead (reflect 
electrons) 
mounted needle 
N lower cover-slip slowly to avoid 
air bubbles becoming 
cover-slip trapped beneath it 
were | 
" specimen È 
B mounting medium glass slide 


Fig A2.4 Mounting a specimen and lowering a cover-slip on 
a glass slide 


glass cover-slip to exclude air and dust, and to protect high 
power microscope objectives (fig A2.4). If the specimens 
begin to dry out, or if it is known that prolonged 
examination (longer than 10 min) is required, specimens 
should be mounted in glycerine after staining. 


A2.5 


The electron microscope 


The resolving power of a light microscope is 
limited by the wavelength of light. The maximum possible 
resolution obtainable is equal to half the wavelength of 
light used; any objects smaller than this cannot be resolved. 


The average wavelength of visible light is about 550 nm, 
and by the end of the nineteenth century it was possible to 
obtain a resolution of about 200 nm. Marginal improve- 
ments in resolution were gained by using specially designed 
microscopes with ultra-violet light of wavelength 250 nm, 
giving a resolution of about 100 nm. However, many cell 
structures are smaller than this. Progress was held up until 
the revolutionary development during the 1930s and 1940s 
of the electron microscope. Instead of using light as a 
radiation source, radiation of a much shorter wavelength 
and hence of much greater resolving power was used, 
namely electrons. The wavelength of electrons depends 
upon the voltage used to generate the electron beam, but in 
practice a resolution of about 0.5 nm can be obtained, 
about 500 times better than a light microscope and 
powerful enough to see large molecules. The limiting factor 
in progress was (and is) no longer resolution of the 
microscope but the methods used in preparing material for 
examination. 

In essence the electron microscope operates on the same 
principle as the light microscope in that a beam of radiation 
is focussed by means of a condenser lens through the 
specimen and the image obtained is magnified by further 
lenses. Table A2.4 summarises some of the similarities and 
differences. Remember also that preparation of material 
for examination follows the same principles but again with 
important differences (table A2.3). 

The operator sits at a console faced by the column down 
which the electrons are passed (fig A2.5). The microscope 
is upside down relative to the light microscope, with the 


Table A2.4 Comparison of light and electron 
microscopes. 


Transmission electron Light microscope 


microscope 

Radiation electrons light 
source 
Wavelength e.g. 0.005 nm at 50kV 400-700 nm 
Max. useful x250000 (on screen)  x1500 
magnification 

Max. resolution 

in practice 0.5 nm 200-250 nm 

in theory 0.2nm 200 nm 

Lenses electromagnets glass (quartz for ultra- 

violet radiation) 

Specimen non-living, dehy- living or non-living 


Common stains 


Image 


drated, relatively 
small or thin 
supported on a small 
copper grid in a 
vacuum 

contain heavy metals 
to reflect electrons 


black and white 


usually supported on a 
glass slide 


coloured dyes 


usually coloured 


From A Dictionary of Life Sciences ed. E. A. Martin (1976) Macmillan 
and Pan Books Ltd. 
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source of radiation (electrons) at the top of the column and 
the point at which the specimen is observed at the bottom 
(fig A2.6). A high voltage (such as 50000 V) is passed 
through a tungsten filament at the top of the column, and 
the filament emits a stream of electrons. In order to focus 
the electrons (bend their path) electromagnets must be 
used rather than glass lenses. The inside of the column is 
under a high vacuum to minimise both electron scattering 
through collision with air particles and the subsequent 
heating that would occur. In the transmission electron 
microscope electrons are focussed through the specimen. 
Only very thin sections or particles can be observed 
because electrons are easily scattered or absorbed by the 
object. Portions of the specimen with high relative 
molecular mass cause most scattering, so heavy metals such 
as lead and uranium are used in the staining of specimens to 
increase contrast. The specimen is usually supported on a 
small copper grid (about 2 mm diameter) which may be 
covered with a thin plastic film for extra support. After 
passing through the specimen, electrons are collected and 
focussed by further electromagnetic lenses. Electrons 
cannot be observed with the human eye and so they are 
either focussed on to a fluorescent screen which produces a 
visible image, or allowed to pass directly on to a 
photographic film for a permanent photograph (electron 
micrograph). 

Various techniques, described briefly below, are used to 
prepare material for observation but in all cases the 
material must be dead since it is observed in a vacuum, is 
quickly heated up and would be destroyed in the electron 
beam. Photographs must be taken for a permanent record 
if prolonged study of the specimen is required. 
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Fig A2.5 (left) A modern transmission electron microscope 


Fig A2.6 (below) Pathway of the electron beam in the 
transmission electron microscope 


cathode 


anode 


condenser 


specimen (black dot). 


objective 


projector 


fluorescent screei 


(1) Heavy metal staining of ultrathin sections. Sections a: 
cut with an ultramicrotome and stained with heas 
metal compounds, such as lead nitrate, uranyl acetat 
or osmic acid. Stained areas are opaque to electron 
and therefore appear dark in micrographs. 

(2) Negative staining. With negative staining the back 
ground is stained, whereas the specimen is not treated 
The technique is particularly useful for examining 
surface details of small particles, such as ribosomes, 
viruses, and fragments of isolated organelles and 
membranes, since the stain penetrates between sur 
face features. 

(3) Shadowing. The specimen is sprayed with atoms of a 
heavy metal, such as gold or platinum, from a 
particular direction and angle. Exposed surfaces are 
coated with a layer of metal which is Opaque to 
electrons. Sheltered areas, including a ‘shadow’ 
beyond the specimen, remain uncoated and relatively 
electron-transparent. These appear white (they allow 
the passage of electrons, equivalent to light). Since the 
human brain is used to seeing and interpreting black 
shadows, the photographs are usually published as 
negatives. Shadowing is also used to show the surface 
structure of small particles such as viruses. 

(4) Freeze-fracturing and freeze-etching. A fragment of 
tissue is rapidly frozen at a very low temperature and 
then fractured with a sharp metal blade. The tissue 
fractures along planes of weakness which often run 
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Fig A2.7 (a) Diagrammatic representation of the stages in the preparation of cells by freeze-etching. (b) Exposure of cell 
mbranes by the cutting process 
through membranes (fig A2.7). The specimen is kept transmission electron microscope (5-20 nm) but specimens 
cold and in a high vacuum, where ice sublimes away Can be larger. 
leaving an etched strane. v A2.5.2 High voltage electron microscope 
A replica of this surface is made by depositing a layer l 
of carbon over it. This carbon replica is shadowed with Even more recently high voltage electron 
a heavy metal and the tissue below the replica microscopes (500 000-1 000 000 V) have been introduced 
destroyed, usually with a strong acid at normal into biology. The high speed of acceleration of electrons 
atmospheric pressure. The technique is useful for allows penetration and observation of relatively thick 
observing membrane structure (see figs 7.15 and 9.13). sections (1-5 um), with better understanding of three- 
It has the advantage that the living tissue is killed dimensional structures at high resolution. Techniques 
rapidly and not exposed to chemical treatment that that allow brief examination of living specimens are being 
might affect its structure. It is likely, therefore, that introduced and should provide important information. 
the cells are preserved in a life-like form, thus information. 
confirming structures seen by conventional sectioning 
and staining techniques. A2.6 Laboratory work and writing up an 
experiment 
A2.5.1 Scanning electron microscope Before beginning any experimental investiga- 


A type of microscope introduced recently is 
the scanning electron microscope (s.e.m). Here a finely 
focussed beam of electrons scans to and fro across the 
specimen and electrons that are reflected from the surface 
(not transmitted) are collected and form the basis of a 
television-like image on a cathode ray tube. The advantage 
of the technique is that the surface features are shown with 
a great depth of field, giving a three-dimensional effect (see 
figs 9.8 and 14.13). Resolution is poorer than for the 


tion, the aim of the experiment should be made clear. This 
may involve the testing of a hypothesis, such as ‘The 
germination of seeds requires the presence of water, 
oxygen and an optimum temperature’, or a more open- 
ended investigation, such as ‘What is the effect of light on 
the behaviour of woodlice?'. In both cases the experiment 
must be designed so that it can be performed, and the data 
produced should be reliable, relevant to the aim and 
hopefully used in producing a conclusion. 
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All experiments should follow a logical progression in 
the reporting or writing up of the experiment. 

(1) Title. This should be a clear statement outlining the 
problem to be investigated. For example ‘Experiment 
to investigate the effect of pH on enzyme activity’. It 
should be a broad statement of intent which is made 
specific by the hypothesis or aim. 

(2) Hypothesis or aim. This is a statement of the problem 
or the posing of a question. It may include an 
indication of the variables under examination and the 
possible outcome of the investigation. For example 
"To investigate the effect of solutions of pH 2-10 on the 
rate of digestion of the protein albumin by the enzyme 
pepsin and to determine the optimum pH of the 
reaction’. 

(3) Method or procedure. This is an account of the 
activities carried out during the performance of the 
experiment. It should be concise, precise and 
presented logically in the order in which the apparatus 
was set up and the activities performed during the 
experiment. It should be written in the past tense and 
not in the first person. Using the information given, 
another scientist should be able to repeat the experi- 
ment. 

(4) Results and observations. These may be qualitative or 
quantitative and should be presented as clearly as 
possible in some appropriate form or forms, such as 
verbal description, tables of data, graphs, histograms, 
bar charts, kite diagrams and so on. If several 
numerical values are obtained for repeated measure- 
ments of one variable, the mean (X) of these values 
should be calculated and recorded. 

(5) Discussion. This should be brief and take the form of 
the answer(s) to possible questions posed by the 
hypothesis, or confirmation of the aim. The discussion 
should not be a verbal repetition of the results, but an 
attempt to relate theoretical knowledge of the ex- 
perimental variables to the results obtained, 

A conclusion may be included if there is clear-cut 
verification of the stated aim. For example, for the aim 
given in (2) above a conclusion could state that there is ‘a 
relationship between pH and enzyme activity and for this 
reaction the optimum pH is x’. The discussion of the results 
of this same experiment should include such theoretical 
aspects as the nature of the reaction and the possible 
chemical and physical aspects of the effects of PH on the 
three-dimensional structure of enzyme molecules, 


A2.7 


Presenting data 


As a result of qualitative and quantitative 
investigations, observations are made and numerical data 
obtained. In order for the maximum amount of informa- 
tion to be gained from investigations, they must be planned 
carefully and the data must be presented comprehensively 
and analysed thoroughly. 
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Tabulations 


Tables form the simplest way of presenting 
data and consist of columns displaying the values for two o: 
more related variables. This method gives neither an 
immediate nor clear indication of the relationships be- 
tween the variables, but is often the first step in recording 
information and forms the basis for selecting some 
subsequent form of graphical representation. 


A2.7.1 


A2.7.2 Graphical representation 


A graph is a two-dimensional plot of two or 
more measured variables. In its simplest form a graph 
consists of two axes. The vertical y axis bears values called 
ordinates which show the magnitude of the depende: 
variable. This is the ‘unknown quantity’, that is the variab! 
whose value is not chosen by the experimenter. Th 
horizontal x axis bears values called abscissae which sho 
the magnitude of the independent variable, which is th 
known quantity, that is the variable whose value is chos- 
by the experimenter. 

The following stages are used in constructing a grap! 

(1) The scale and intervals for each axis should match th 
magnitude of the variables being plotted and fill t: 
graph paper as completely as possible. 

(2) Each axis should begin at 0, but if all the values for on 
variable are clustered together, such as ten points lyin 
between 6.12 and 6.68, a large scale will be required t: 
cover these points. In this case, still begin with the ax 
at 0 but mark a break in the axis, marked as—7 — 
just beyond 0. 

(3) Each axis must be fully labelled in terms of th: 
variable, for example ‘temperature/°C’, and hav: 
equally spaced intervals covering the range of th. 
interval, such as 0-60 at 12 five-unit intervals. 

(4) The points plotted on the graph are called coordinate: 
and represent the corresponding values of the two 
variables, such as when x = a and y=b. 

(5) Actual points should be marked by an X or © and 
never by a dot only. 

(6) The points marked on the graph are the record of the 
actual observations made and may be joined by a 
series of straight line segments drawn with a ruler, by a 
smooth curve or, in some cases, a regression line (a 
line of best fit) (section A2.8.3). These graphs are 
called line graphs. Straight line segments and smooth 
curves are preferable to a regression line. 

(7) The graph should have a full title, such as ‘Graph 


(8) Only the points on the graph represent actual data, but 


estimates. 
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Fig A2.8 (above) (a) Two sets of data relating to mean 


heights of oat seedlings and time. (o) Graph showing the 
relationship between mean heights of oat seedlings and time 


Fig A2.9 (below) Method of calculating rate of change at a 
given point, for example day 7 
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From the graph: y = 33mm 
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In graphs where the x axis is ‘time’, the steepness of 
the curve or gradient at any point can be calculated and 
this gives a measure of the rate of change of the 
variable under investigation. For example, in the 
graph shown in fig A2.8 the rate of growth is 
calculated by drawing a tangent to the curve at the 
desired point and completing a triangle with the 
tangent at the hypotenuse, as shown in fig A2.9, The 
value of the y interval is then divided by the value of 
the x interval and this gives the rate of change in terms 
of the units used in labelling the graph. 


A2.7.3 Frequency distributions 


Many relationships exist where each value of 
the dependent variable, corresponding to the independent 
variable, represents the number of times the latter value 
occurs, that is its frequency. Such relationships form a 
frequency distribution or distribution, for example lengths 
of earthworms in a population. 

If the value of the independent variable can assume any 
value within a given range, its frequency distribution can be 
represented by a conventional graph as described above. 
These graphs are called frequency curves and may take one 
of the following forms depending upon how the data are 
presented. If the data are presented as numbers of 
individuals within defined intervals as shown in fig A2. 10a, 
the distribution is known as a continuous distribution and 
the total area beneath the curve represents the total 
frequency. 

(1) Normal distribution curve. Here the frequency dis- 
tribution is symmetrical about a central value and 
examples include physical parameters such as height 
and mass of biological structure. This type of distribu- 
tion is shown in fig A2.10. 
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Fig A2.10 (a) Number of 18-year-old males falling into 2 kg 
mass classes and represented as a table. (b) The graph 
representing the data from (a) forms a normal distribution 
curve 


Fig A2.11 


(a) Positive skewed distribution. (b) Negative 
skewed distribution 


(2) Positive skew. Here the curve is asymmetrical, with the 
highest frequencies of the independent variable co- 
rresponding to its lower values and with a ‘tail off 
towards the higher values as shown in fig A2.11a. 
Examples include number of children per family, 
clutch size in birds and density of phytoplankton with 
depth. 

(3) Negative skew. Here the highest frequencies of the 
independent variable correspond to the higher values 
and ‘tail off towards the lower values, as shown in 
fig 2.115. This form of distribution is rarer than 
positive skew and represents a distribution showing 
some form of bias. Examples include optimum 
temperature for enzyme-controlled reactions and the 
output of thyroid-stimulating hormone in response to 
thyroxine. 

(4) Bimodal distribution. Here there are two peaks (or 
modes), and it usually indicates the presence of two 
populations each exhibiting a partial normal distribu- 
tion. 

(5) Cumulative frequency distribution. The data presented 
in fig A2.10 may be presented as in fig A2.12, where 
the cumulative number of individuals below certain 
arbitrary class boundaries are shown. Where these 
data are presented graphically a cumulative frequency 
curve is produced. 


If the values of the independent variable assume discrete 
values, that is whole numbers such as 3 and 5 (as in the 
numbers of petals of a dicotyledon), or represent physical 
traits such as blood groups, they exist as only discrete 
values and the distribution is described as discontinuous. In 
these cases it is inappropriate to plot a continuous graph 
and other forms of graphical representation are used as 
described below. 

(1) Column graph. This shows the frequency with which 
distinct characteristics occur within a population, such 
as human blood groups (see fig A2.13a). 

(2) Histogram. This represents continuous values of the 
independent variable which have been grouped into 
classes of equal widths. Where classes of equal width 
are chosen, for example 0-5, 5-10, 10-15, and so on. 
the limits of the interval are conventionally re- 


454 


(a) 


; pot — 
50 524 se 58 [60] 62 |64 | oe 68 | 70| 72 


Mass/kg 
I—1—1 
| Cumulative frequency |o | 4 nj 22/38 | 62| 91 117/133 141/145 147 


(b) 150 ] T ] | i TL T T 
| | 
ao — — |-r- i 
| | | | 
130 T T TT 
T 
J | 
| 
iy t 
5 | 
3 
gF 
2 
E 
E: 
z 
5 | 
5 
[s 
| 
| 
| | 
66 68 70 72 


Mass/kg 


Fig A2.12 Data (a) and graph (b) based upon fig A2.10a 
showing the cumulative frequency distribution of mass in 
18-year-old males 


presented by the lower integer, that is 04.99, 5-999 
10-14.99 and so on. This is a useful way of re 
presenting data from a small sample and superficially 
resembles a column graph (fig A2.135). 

Bar graph. This is a modified form of histogram usually 

representing the relationship between a continuous 

dependent variable, such as energy content, and a 

non-numerical independent variable, for example 

various foods (fig A2.13c). A modified form of bar 
graph is used in presenting ecological data and this is 
called a presence-absence graph. An example of this is 

Shown in fig 13.21. 

(4) Kite diagram. This is a special type of bar graph that 
provides an extremely clear visual display of the 
change in frequency of non-numerical variables 
which are continuously distributed within an area. A 
kite diagram is constructed by plotting the frequencies 
of each variable as a line symmetrically placed astride 
the x axis as shown in fig A2.14a. Once all of the 
frequencies have been plotted along the x axis, the 
adjacent limits of the lines are joined together by 
straight lines, as in a line graph, as shown in fig A2. 14b. 


~ 
m 


so[ 307 
40t 25} 
* 20 
É 30 $ 
E E ul 
2 P m 
$ 20+ F 
5 10} 
^ qol P| 


0 A B AB 
(a) Blood group phenotypes (5) 


90 100 110 120130140150160 170 180 
Systolic pressure/mm Hg 


(c) 
Tomato soup 


Bread roll 


Butter 


Beef 

Potatoes, boiled ] 

Brussels sprouts 
arrots 


Peas 


Ice cream 
Peaches, canned ] 


Cheese, cheddar 


Biscuits, plain 
Coffee, black 
1000 2000 3000 
Energy content per 100g/kJ 
Fig A2.13 (above) Methods of presenting data. (a) Column 


graph showing frequency of blood group phenotypes in the 
population. (b) Histogram showing systolic blood pressure 
frequencies in women aged 30-9 years. (c) Bar chart showing 
energy content of foods in a three-course meal 


Fig A2.14 (below) (a) and (b) method of constructing a kite 
diagram 
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The enclosed area is usually shaded to present a 
clearer visual display. The use of kite diagrams is 
described in section 13.4.3. 


Each one of the methods of presenting data described 
above is applicable to different biological situations, and all 
are represented in the chapters in these books. All methods 
have their relative merits, and the choice of which to use 
should be made on the basis of which will accurately and 
efficiently reveal relationships and patterns between 
variables. 


A2.8 


Elementary statistical methods in 
biology 


When data are recorded as a series of values 
representing variables, such as heights or heart rate, it is 
useful to know both the average value and the spread of 
values. Estimates of the average value are called *measures 
of central tendency' and these include the mean, the 
median and the mode. Estimates of the spread of values are 
called *measures of dispersion' and they include variance 
and standard deviation. 


A2.8.1 Measures of central tendency 


Mean (arithmetic mean) 


This is the ‘average’ of a group of values and is obtained by 
adding the values together and dividing the total by the 
number of individual values. For example, the mean (X) for 


valuesx;, X», X3, X4. 5o wee 3 x, is given by 
xp Pde AG occ sc +X, 
x= j 
n 
_ =x 
or = 


n 
where X = sum or total of, x = individual values and n = 
number of individual values. 

If the same value of x occurs more than once, the mean 
Es 
(X) can be calculated using the expression x =— where 
f 
E, = the sum of the frequencies of x, or simply, n. 


Median 

This represents the middle or central value of a set of 
values. For example, if five values of x are arranged in 
ascending order as x,, X2, X3, x, and xs, the median value 
would be x; since there are as many values above it as below 
it. If there are an even number of values of x, for example x, 
to x,, the median is represented as the mean of the two 
middle values ((x, + x,)/2). 


Mode 


This is the most frequently occurring value of a set of 
values. For example if the numbers of children in 10 
families is 1,1,1,2,2,2,2,3,4, the mode or modal value is 2. 
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Each of the three values described above has its relative 
advantages, disadvantages and applicability. One example 
of the use of mean and mode is illustrated by reference to 
the number of children per family. The mean number of 
children per family is 2.4, but as children are discrete beings 
it is more usual to describe the number of children per 
family in whole numbers, thus using the modal value which 
is 2. 

In a normal frequency distribution the values of the 
mean, the median and the mode coincide as shown in 
fig A2.15a, whereas in cases where the frequency distribu- 
tion is skewed, these values do not coincide as shown in fig 
A2.15b. 


A2.8.2 Measures of dispersion 


Measures of dispersion are used in conjunc- 
tion with measures of central tendency to give an indication 
of the extent to which values are ‘spread’ or ‘clustered’ 
around the ‘average’. This is illustrated with respect to a 
normal distribution by the curves shown in fig A2.16. In 
statistical analysis, one of the most useful measures of 
dispersion is the root mean square deviation or standard 
deviation, since it may be applied both to predicting the 
distribution of values about the average and to determining 
whether two sets of data are significantly different from one 
another and the degree of difference between them. 


Standard deviation 


The standard deviation (s) of a set of values is a measure of 
the variation from the arithmetical mean of these values 
and is calculated using the expression 


aE s) 


where X = sum of, f = frequency of occurrence of, x = 
specific values, and x — mean of the specific values. 
For example, a sample of ten common limpet shells 
(Patella vulgaris) from a rocky shore have the following 
maximum basal diameters in millimetres: 36, 34, 41, 39, 
37, 43, 36, 37, 41, 39. In order to calculate the mean 
maximum basal diameter and the standard deviation it is 
necessary to calculate f. fi^ and x^ as shown in the 
following table: 


x f fx fx 

34 1 34 1156 
36 2 72 2592 
37 2 74 2738 
39 2 78 3042 
4l 2 82 3362 
43 1 43 1849 


Xfx- 383 Ef? = 14739 


Therefore 
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Since s= J -€ 
=f 
June = 14665) 
10 


1473.9 — 1466.9) 


m 
E. 


ll 


v( 
cee / 
2 


Therefore s= .65. 


In this population of the common limpet the mea 


maximum basal diameter of the shell is 38.3 mm, with 


standard deviation of 2.7 mm (correct to one decima! 


place). If these values are applied to a larger population 
the common limpet then it may be assumed, on statisti: 
grounds, that approximately 68% of the population : 
have a basal diameter of the shell of 38.3 mm plus : 
minus one standard deviation (2.7 mm), that is they wil! ! 
within a range 35.6—41.0 mm; approximately 95% of t] 
population will have a basal diameter of the shell of 38 
plus and minus two standard deviations (5.4 mm), tha: 
they will lie within the range 32.9-43.7 mm, and practical! 
100% will lie within plus and minus three stand 
deviations. 

The value of calculating the standard deviation is tha: 
gives a measure of the spread of values from the mean 
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Fig A2.15 (above) Distributions of mean, median and mode 
in (a) a normal distribution and (b) a skewed distribution 


Fig A2.16 (below) Two normal distribution curves showing 
the distribution of two sets of data (possibly populations) with 
identical total frequencies (that is the areas under the curves 
are equal). Curve (a) has a restricted range and is clustered 
around the mean. Curve (b) represents a wider range and is 
not clustered around the mean 
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small standard deviation indicates that there is little 
lispersion or variation from the mean and that the 
population is fairly homogeneous, as shown by the curve 
a) in fig A2.16. As the value of the standard deviation 
increases, the degree of variation within the population 
increases as shown by curve (b) in fig A2.16. 


Variance 


he variance is the square of the standard deviation and the 
variance for a set of numbers is calculated using the 
xpression: 
xp 


xf 
where f is the number of values in the set. 
Variance is useful in ecological investigations involving 
utrition, reproduction and behaviour since it gives an 
idication of how organisms are dispersed within the 
»pulation. Populations may be: 
) randomly dispersed, 
h) aggregated into clusters, or 
c) regularly dispersed. 
To determine the type of population dispersion within an 
irea, the area is divided up into a number of equal-sized 
quadrats (section 13.2) and the number of individuals 
within the population, per quadrat, is counted. From these 
data the mean and variance are calculated using the 
expressions: 


E 


. variance (5) = -ï 


Ife E 
xf 


where fis the number of quadrats containing x individuals. 
Using the following expression: 


x . 2 
mean (X) = — variance ($°) = 


variance 


ulation dispersion = 
popwa P mean 


the three types of dispersion can be determined as shown in 
fig A2.17. 
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Fig A2.17 Types of dispersion 
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Fig A2.18 Data showing mass and corresponding heights 
of 20 16-year-old male students, represented as a table (a) 
and a scatter diagram (b). The regression line is drawn 


A2.8.3 Relationships between variables 


Data should always be presented in such a way 
as to reveal relationships between two or more sets of data. 
The simplest way of doing this is to plot a graph showing the 
relationship between variables, but this is only valuable if 
one of the variables (the independent variable) is under the 
control of the experimenter, as for example in the case of 
data shown in fig A2.8. 

In other cases, where both variables are dependent, the 
value of one variable is plotted against the corresponding 
value of the other variable as, for example, in the case of 
heights and masses of 20 sixth-form students given in 
fig. A2.18a. These values are plotted and shown in fig 
A2.18b, which is called a scatter diagram. Visual inspec- 
tion shows that there is some form of relationship between 
the two variables but this cannot be described more 
accurately until a relationship, represented by a straight 
line, can be drawn through the points. 

This single line is called a ‘line of best fit’ or a regression 
line and the proximity of the points to the line gives an 
indication of the degree of correlation between the two 
variables. The position of the line of best fit should pass 
through the point representing the mean values of mass and 
height (x = 65.7 kg and y = 165.8cm) and the distribution 
of points above and below the line should be approximately 
equal. From this line the predicted values of height 
corresponding to mass can be calculated. 


Correlation 
The relationship between the two variables, x and y, 
described above may be represented by a term called 
correlation. Varying degrees of correlation may exist 
between x and y as shown by the scatter diagrams in 
fig A2.19. 
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(a) positive correlation (b) negative correlation (c) no correlation 


Fig A2.19 Patterns of correlation: (a) positive correlation; (b) 
negative correlation; (c) no correlation 


Presenting data in the form of a scatter diagram is not a 
reliable way of demonstrating the significance of the 
correlation since it is subjective. It is possible to represent 
correlation in terms of a statistical measure called the 
correlation coefficient. This can vary between —1 and +1: 
—1 represents a perfect negative correlation, such as 
oxygen tension in the atmosphere and rate of spiracle 
opening in insects; 0 represents no correlation, such as size 
of tomato fruits and number of seeds; +1 represents a 
perfect positive correlation, such as age and body length in 
the locust. 


Appendix 3 
Classification 


The science of classification is called taxonomy 
and it involves the naming of organisms (nomenclature) 
and the systematic placing of organisms into groups or taxa 
(systematics) on the basis of certain relationships between 
organisms. Biological nomenclature is based on the 
binomial system pioneered by the work of the Swedish 
naturalist Carl Linnaeus (1707-78). In this system each 
organism has two Latin names: a generic name beginning 
with a capital letter and a specific name beginning with a 
lower case letter. For example, Man is named Homo 
sapiens. The binomial system classifies organisms into 
groups at various hierarchical levels on the basis of easily 
observable, shared structural features, such as shape, 
number of, and position of, limbs and so on. It has since 
been extended, and the main hierarchical taxa now used in 
this system are as follows, in descending order of size: 


kingdom 

phylum (division in plants) 
class 

order 

family 

genus 

species 


Each taxon may contain a number of the taxon units 
below it, forexample one phylum may contain six classes or 
a genus three species, but each taxon can only belong to the 
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Hierarchical levels 


1 kingdom 
2 phylum a phylum b phylum c 
3 class b, class / 
4 order b, order ^ 
5 family b. family b, 

7 

| | 

6 genus b, genu 

| 
7 species b, species b,, spe 


Fig A3.1 Example of hierarchical taxonomic groups basec 
on the Linnean system of classification 


single taxon immediately above it, for example an ord 
can only belong to the class above it (fig A3.1). 

Within each hierarchical level there may be several ta 
but each is distinct in that whilst the members of each tas 
share a common set of diagnostic features also possessed | 
all organisms at preceding taxonomic levels (higher levels 
each taxon possesses diagnostic features unique to thai 
taxon. For example, organisms belonging to family b, w 
possess all the diagnostic features of order b,, class bya 
phylum b (fig A3.1) 

Taxa may be further subdivided into subtaxa. such 
subclass or grouped together into supertaxa, such 
superclass. Other taxa may also be formed by splitting tax 
into infrataxa or tribes, or grouping taxa into cohorts 

The most natural group of organisms is the species and 
this is the lowest taxon in the Linnean system. Each species 
possesses its own distinct structural, behavioural and 
ecological characteristics. Definitions of the term 'species 
are given in section 25.6. Members of sexually reproducing 
species, however, are unique in possessing a genotype 
shared neither by their ancestors nor descendants. 

At each level of the hierarchy, rising from species to 
kingdom, the number of similarities between members oí 
each taxon decreases. For example members of the same 
genus have more features in common than members of the 
same family or order. 

There are two types of classification, artificial and 
natural. An artificial classification (also termed arbitrary 
or utilitarian) is based upon one or a few easily observable 
characteristics, and is devised and used for a limited 
number of special purposes where convenience and speed 
are important. For example, the characteristics could be 
colour, mode of locomotion, habit, habitat and so on. An 
example of an artificial classification of fish would be to 


group them as freshwater fish, brackish-water fish and 
marine fish on the basis of the environment, and this would 
be convenient for the purpose of investigating their 
mechanisms of osmoregulation. 

A natural classification may be either phylogenetic or 
phenetic depending upon the criteria on which the 
classification is based. The most commonly used form of 
classification is phylogenetic and it reflects possible evolu- 
tionary relationships based on ancestry and descent. In 
such a system organisms belonging to the same taxa are 
believed to have a common ancestor, and may be 
represented in the form of a family tree, in this case called a 
cladogram (see fig 2.1). 

A phenetic classification is based upon evidence 
presented by numerical taxonomists who consider masses 
of data relating to present-day morphological, cytological 
and biochemical similarities between organisms. This may 
reflect possible evolutionary relationships but is not 
constructed with this in view. A family tree based upon 
phenetic classification is called a dendrogram. 


A3.1 


Specimen identification and keys 


A key is a convenient method of enabling a 
biologist to identify and name an organism. In its simplest 
form it involves listing the observable morphological 
characteristics of the organism and matching them with 
those features which are diagnostic of a particular taxon. 
Most of the characteristics used in identification are based 
on easily observable features such as shape, colour and 
numbers of appendages, segments and so on. Hence 
identification is artificial and phenetic since it relies purely 
on the appearance (phenotype) of the organism. Despite 
this, most diagnostic keys enable organisms to be identified 
into a taxon which is part of a natural phylogenetic 
hierarchical classification system. 

There are various types of diagnostic keys, but the 
simplest is called a dichotomous key. This is made up of 
pairs of statements called leads, numbered 1, 2, 3 and so 
on, where each lead deals with a particular observable 
characteristic. The paired statements of each lead should 
be contrasting or mutually exclusive and, by considering 
these in order a large group of organisms may be broken 
down into progressively smaller groups until the unknown 
organism is identified at the lowest taxonomic group 
possible. 

The characteristics used in keys should be readily 
observable morphological features, and may be qualita- 
tive, such as shape of abdomen and colour, or quantitative, 
such as number of hairs and length of stem. Either may be 
used, but the characteristic must be constant for that 
species and not subject to variation as a result of 
environmental influences. In this respect size and colour 
are often bad examples to use since both can be influenced 
by the environment, the season, the age or state of the 
organism at the time of identification. Characteristics 
chosen should, if possible, exist in two or more states. For 


example, the characteristic 'stem shape' may exist in one of 
the two states, ‘round’ or ‘square’. 

After each statement there is a number referring to the 
next lead to be considered. If the statement described in the 
lead matches the appearance of the specimen, the number 
following the statement indicates the next lead to consider. 
For example in the simple key to the cultivated Legumino- 
sae shown in table A3.1, if the specimen has been keyed as 
far as lead 5 and it possesses branches without thorns or 
spines, the next lead to consider would be lead 7, and so on. 


Table A3.1 Extract of key to cultivated Leguminosae. 


1 Woody trees and shrubs 
Herbaceous and annual plants 1 


2 Climbing 
Non-climbing 


3 Flowers bright red 


mr 


Lobster claw 


Flowers mauve, sometimes white, forming 


sprays 


4 Flowers all or partly yellow 


Flowers not yellow 


5 Branches with thorns and spines 
Branches without thorns and spines 


6 Leaves absent, plant spiny all over 


Wisteria 


AID wou 


Gorse 


Leaves present on young shoots, spines on 


older branches 


Needle-whin 


7 Young stem square, leaves small with three 


leaflets 


Broom 


Stems not square, leaves longer than one inch 9 


8 etc. 


Appendix 4 


Nomenclature and units 


A4.1 


Alphabetical list of common 


current names of chemicals 


Old name New name (nc — no change) 
acetaldehyde ethanal 

acetamide ethanamide or nc 
acetic acid ethanoic acid or nc 
acetoacetic acid 3-oxobutanoic acid 
acetone propanone 

acetylene ethyne 

adenine nc 

adenosine nc 

adipic acid hexanedioic acid 
alanine 2-aminopropanoic acid 


alcohol (ethyl) 
alcohol (wood) 
aldehyde 

aldol 

aliphatic 

alkyl 

ammonium hydroxide 


ethanol 

methanol 

nc 
3-hydroxybutanal 
nc 

nc 

ammonia solution 
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4-aminobenzoic acid 
4-aminobenzenecarboxylic acid 


A4.2 Units, symbols, abbreviations and 
conventional terms 


p-amino benzoic acid 


aspartic acid 


benzaldehyde 
benzene 
benzoic acid 
bicarbonate 
butyric acid 
camphor 

cane sugar 
carbon tetrachloride 
carboxylic acids 
chloroform 
citric acid 


cobalt chloride 
dextrose 


ethyl acetate 
ethyl alcohol 
ethylene 


ferric 

ferrous 
formaldehyde 
fructose 
fumaric acid 


glucose 
glutamic acid 
glycerine/glycerol 


glycine { 
glycollic acid { 
glyoxyllic acid { 


indoleacetic acid (IAA) 
isopropyl alcohol 


lactic acid 
lactose 


malic acid 
malonic acid 
maltose 

nitric acid 

oleic acid 

oxalic acid 
palmitic acid 
phenol 

phosphate 
phosphoric acid 
phosphorous acid 
potassium permanganate 
pyridine 
pyrogallol 
pyruvic acid 


quinol 


stearic acid 
succinic acid 
sucrose 


l-tartaric acid 
thiourea 
toluene 


urea 
n-valeric acid 
xylene 


aminobutanedoic acid 


benzenecarbaldehyde or nc 
nc 


benzenecarboxylic acid or nc 


hydrogencarbonate 
butanoic acid 


nc 

sucrose 

tetrachloromethane 

nc 

trichloromethane 

2-hydroxypropane-1,2,3 
-tricarboxylic acid 

cobalt(II) chloride 

(+) glucose 

ethyl ethanoate or nc 

ethanol 

ethene 

iron(II) 

iron(II) 

methanal 

nc 

trans-butanedoic acid 

nc 

2-aminopentanedoic acid 

propane-1,2,3-triol 

aminoethanoic acid 

aminoacetic acid 

hydroxyethanoic acid 

hydroxyacetic acid 

oxoethanoic acid 

oxoacetic acid 


indolylethanoic acid 
propan-2-ol 
2-hydroxypropanoic acid 
nc 

2-hydroxybutanedioic acid 
propanedioic acid 

nc 

nc 


cis-octadec-9-enoic acid 
ethanedioic acid 
hexadecanoic acid 

nc 

phosphate(V) 
phosphoric(V) acid 
phosphoric acid 
potassium manganate(VII) 
nc 

benzene-1,2,3-triol 
2-oxopropanoic acid 
benzene-1,4-diol 


octadecanoic acid 
butanedoic acid 
nc 


(—) 2,3-dihydroxybutanedioic acid 


thiocarbamide or nc 
methylbenzene 


carbamide or nc 
pentanoic acid 
dimethylbenzene 
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absolute 

adenosine 5'-pyrophosphate 

adenosine 5'-triphosphate 

adrenocorticotrophic 
hormone 

angstrom 


anterior 

antidiuretic hormone 
approximately equal 
basal metabolic rate 
calciferol 


calorie 


Centigrade 

central nervous system 
cerebrospinal fluid 
chi-squared 

coenzyme A 

degree Celsius 
deoxyribonucleic acid 
endoplasmic reticulum 
extracellular fluid 
figure (diagram) 
Geiger-Müller tube 
gram 

growth hormone 
haemoglobin 

joule 

kilo (10x) 

Krebs cycle 

luteinising hormone 
mass 

maximum 

mean value of x (statistics) 
minimum 

minute 

molar (concentration) 


mole (unit of amount of 
substance) 

negative logarithm of 
hydrogen ion concen- 
tration 

newton 

normal saline 


number of observations 
parts per million 
petroleum ether 
pressure 
red blood corpuscle 
respiratory quotient 
ribonucleic acid 
solidus 
solution 
species 
standard deviation 

(of hypothetical 

population) 
(of observed sample) 


abs. 


ADP use adenosine diphosphate 
ATP use adenosine triphosphate 


ACTH 

A preferably use SI units 10 ^ 
lnm 

ant. 

ADH 


b.m.r. or BMR 
vitamin D, preferred for 
biological activity 
(vitamin D is the generic t: 
cal use SI unit joule 
lcal = 4.2J 
use Celsius (°C) 
CNS 
c.s.f. or CSF 


X 


g (gramme is continental sp 
GH 

Hb 

J 

k 

or tricarboxylic acid cycle 
LH 


min. 
min ; 
M (mol dm ) 


molar means 'divided by amount 


of substance’ 

mol replaces gram-molecule. 
gram-ion, gram-atom etc. 
pH, plural — pH values 


N 


avoid use isotonic or iso-osmotic 


saline 

n (or f) 

ppm 

avoid use light petroleum 


p 
r.b.c. or RBC 


r.q. or RO 

RNA 

/ expressed in units of 
soln. 


sp. (singular), spp. (plural) 


S or s.d. 


sum (statistics) 
(of hypothetical 
population) pi 
(of observed sample) SorX 
temperature (quantity) T (absolute) 
t (other scales) 
thyroid-stimulating hormone TSH 
t 


time 
variety (biology) var. 
volume vol. 


white blood corpuscle w.b.c. or WBC 


A4.3  SlUnits 


A4.3.4 Prefixes for SI units 


These are used to indicate decimal fractions of 
the basic or derived SI units. 


Multiplication factor Prefix Symbol 
0.000000 000001 = 10 ^ pico p 
0.000000001 = 10 " nano n 
0.000001 = 10 ^ micro u 
ms m E 
1000000 — 10" mega M 
1000000000 = 10” giga G 
1.000.000 000000 = 10° tera T 


A4.3.1 Names and symbols for SI units 
Physical quantity Name of SI unit Symbol 
length metre m 
mass kilogram kg 
time second s 
electric current ampere A 
thermodynamic temperature kelvin K 
luminous intensity candela cd 
amount of substance mole mol 
solid angle steradian st 


A4.3.2 Derived units from SI units 


Quantity SI unit Symbol Expressed in terms 
of SI units 

work, energy, joule J 

quantity of heat 

force newton N 

power watt WwW 

quantity of coulomb C 

electricity 

electric potential volt v kg ms AS 
WA 

luminous flux lumen im cd sr 

illumination lux Ix cdsrm or 
Imm ~ 

area square metre m 

volume cubic metre m* 

density kilogram per kgm” 

cubic metre 
A4.3.3 Special units still in use (should be 
progressively abandoned) 
Quantity Unit name and Conversion factor to 
symbol SI 

length angstrom A 10 "m = 0.1 nm 
7» 3 

length micron um 10 ^m = 10 mm 

= 1pm 

volume litre 1 10^m' = 1dm* 

mass tonne t 10 kg = Mg 

pressure millimetres of mmHg 10° mmHg = 

mercury 13.3 kPa 


Thus 1 nanometre (nm) = 1 — 10^ m, 

also 1 centimetre (cm) = 1 x 10 ^ m. 

Note that the kilogram is somewhat out of place in the 
above table since it is a basic SI unit. In the school 
laboratory the most convenient units are grams (g) and 
cubic centimetres (cm?). Where possible the basic SI units 
should be used. 


A4.3.5 


(1) The symbol is not an abbreviation and thus a full stop is 
not written after the symbol except at the end of a 
sentence. 

(2) There is no plural form of a unit; thus 20 kg or 30 m, 
not 20 kgs or 30 ms. 

(3) Capital initial letters are never used for units except 
when named after famous scientists, such as N 
(Newton), W (Watt) and J (Joule). 

(4) Symbols combined in a quotient can be written as, for 
example, metre per second or ms '. The use of the 
solidus (stroke, /) is restricted to indicating the unit of a 
variable, such as temperature /°C. 

(5) The raised decimal point is not correct. The interna- 
tionally accepted decimal sign is placed level with the 
feet of the numerals, for example 3.142. The comma is 
no longer used to separate groups of three digits but a 
space is left instead so that figures appear as 493645 189 
not as 493,645,189. 


Rules for writing SI units 
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Appendix 5 
The geological time scale 


The history of the Earth is divided for 
convenience into a series of four geological eras and eleven 
periods. The two most recent periods are further divided 
into seven systems or epochs. 

The rocks of the Earth's crust are stratified, that is they 
lie layer upon layer. Unless disrupted by earth movements, 
the rocks get progressively younger towards the top of a 
series of layers (strata). William Smith in the eighteenth 
century noticed an association between fossil groups and 


particular strata. The sequence of fossils revealed a gradual 
increase in complexity of organisms from the lower strata 
to the highest, indicating that over geological periods of 
time some organisms have advanced in complexity. 

Radioactive dating has established an approximate ave 
for the oldest rocks belonging to each period. The 
geological time scale and the distinctive biological events 
associated with each period, as revealed by fossil evidence. 
are shown in table A5.1. 


Table A5.1 Geological time scale and history of life (age = years x 10°) 


Era Period Epoch Age Animal groups Plant groups 
Gunes Recent (Holocene) 0.01 Dominance of Man 
BAIEIRRTY Glacial (Pleistocene) 2 Origin of Man 
CENOZOIC Phocene ý Adaptive radiation of 
(cenos, recent) . : 5 | mammals Adaptive radiation of 
Tertiary nu zd Dogs and bears appeared flowering plants, 
Pace 54 Apes and pigs appeared especially herbaceou 
Palaeocene 65 Horses, cattle and elephants 
Cretaceous 135 Extinction of ammonites and Dominance of flowerin 
dinosaurs; origin of modern — plants 
fish and placental mammals 
MESOZOIC Jurassic 195 Dinosaurs dominant; origin Origin of flowering pla: 
(mesos, middle) of birds and mammals; insects 
abundant 
Triassic 225 Dinosaurs appear; adaptive Abundance of cycads and 
radiation of reptiles conifers 
Permian 280 Adaptive radiation of reptiles; Origin of conifers 
beetles appear; extinction of 
trilobites 
Carboniferous 350 Origin of reptiles and insects; Abundance of tree-lik« 
adaptive radiation of amphibia ferns, e.g. Lepidodendron. 
forming ‘coal forests’ 
Devonian 400 Origin of amphibia and Earliest bryophytes and 
PALAEOZOIC ammonites; spiders appear; pteridophytes 
(palaeos, ancient) adaptive radiation of fish 
(cartilaginous and bony) 
Silurian 440 Origin of jawed fish; earliest Earliest spore-bearing, 
coral reefs vascular plants 
Ordovician 500 Origin of vertebrates, jawless 
fish; trilobites, molluscs and 
crustacea abundant 
Cambrian 570 Origin of all invertebrate phyla 
and Echinodermata 
Selected organisms 
ARCHEOZOIC . Pre-Cambrian 1000 primitive metazoans 
2000 primitive eukaryotes 
3000 blue-green algae (prokaryotes), bacteria 
3500? origins of life ? 
g 
5000? origin of Earth 


A5.1 The age of the Earth 


Current estimates are that the planet Earth is 
about 4.6-4.9 x 10” years old. These estimates are based 
mainly on the dating of rocks (geochronology) by radio- 
active dating techniques. 

In section A1.3 it was explained that atoms of some 
elements exist in a number of forms called isotopes, some 
of which are radioactive. Radioactive elements ‘decay’ at a 
constant rate which is independent of temperature, gravity, 
magnetism or any other force. The rate is measured in 
terms of the ‘half-life’. 

Three principal methods of radioactive dating are 
currently used, as snown in fig A5.1. Methods (1) and (2) 
are used for determining the ages of rocks in the Earth's 
crust, whereas the third method, radiocarbon dating, is 
used for dating fossils and has direct relevance in 
discussions of the history of life. 


Radiocarbon dating 


The normal non-radioactive isotope of carbon is "C. The 
radioactive isotope, "C, occurs in minute quantities 
(< 0.1%) in air, surface waters and living organisms. It is 
continually being produced in the atmosphere by the action 
of cosmic rays on nitrogen and oxygen nuclei, and there is 
good evidence to suggest that the rate of MG production has 
been constant for several thousand years. An equilibrium 
has been set up whereby production of "C balances ' Ke loss 
by radioactive decay. "C is found occurring freely as "GO; 
and the ratio of "C: "C compounds remains theoretically 
constant. Living organisms absorb "C either as carbon 
dioxide or as organic molecules throughout life. At death 
no more carbon is taken in and the "C continues to decay 
according to the rate shown by the half-life. By calculating 
the amount of "C in the dead organism and comparing it 
with the amount of "C in a living organism, the age of the 
dead organism can be estimated. For example, if the 
amount of "C in a fossil mammalian bone was found to be 
one-quarter that in the same bone from a recently killed 
mammal and the half-life is 5.6 x 10° years, the estimated 
age of the fossil bone would theoretically be 11.2 x 10° 
years. Using this technique, organic remains can be dated 
back, fairly accurately, for up to 10.0 x 10° years. 

There are many sources of error involved in radiometric 
dating, so ages determined by these methods are only 
approximate. However, these methods have proved to be 
of great value in extending our knowledge of the Earth. 


(1) Uranium/thorium methods 
Uranium and thorium are generally found occurring together in the 


same rocks 
{ J| | 
a ma 
o ) 5 x 10°years | ‘He ) 
8a particles | ” pp ) 6a particles 


(2) Potassium/argon methods 


( *k ) 


| 11.6 x 10°years 


( "Ar ) 
N 


(3) Radiocarbon dating methods 


c) 


\ 


x 


fJ! particle | 5.6 x 10" years 


Fig A5.1 


(«yn ) 


Radiometric dating techniques 


( Pp ) 


13.9 x 10° 


yea! 
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a-helix, 152 
structure of, 153 
abomasum, 319 
absorption, 32, 287 
absorption spectrum, 256 
in photosynthesis, 257 
acetic acid, 128 
acetylcholine, 244 
acetyl coenzyme A, 267, 325, 336, 337 
acinus, 204 
actin, 6 
action spectrum, for photosynthesis, 
257 
activation, energy, 169-170 
active site, 170 
active transport, 196-198 
adaptive radiation, 108 
adenine, 157, 161 
adenine diphosphate (ADP), 159, 322, 
323 
adenine monophosphate (AMP), 159, 
173 
adenine triphosphate (ATP), 1, 181 
and active transport, 197 
importance of, 322, 323 
and photosynthesis, 260, 261, 265 
synthesis of, 333-335 
adipose tissue, 238 
adventitious roots, 59, 60, 67 
aerial hypha, 35 
aerobic respiration, 323-328 
aerotaxis, 6 
agar, 51 
Agaricus campestris, 31 
alcohol, 131 
alcoholic fermentation, 328, 329 
aldehyde group, 131, 132, 265 
aldose sugar, 132-134 
algae, 29 
characteristics of, 42, 44 
classification of, 42, 44 
importance of, 51, 52 
and lichens, 32 
reproduction in, 42-46 
algal bloom, 52 
alginic acid, 51 
alimentary canal, 88 
in earthworm, 297 
in dogfish, 296 
in Man, 304-316 
alkalaemia, 353 
allelopathy, 396-398 
allosteric enzymes, 180, 181 
alpha-helix, 152, 153 
alternation of generations, 53, 54, 93 
alveoli, 347 
amino acids, 3, 131 


linkages between, 147-148 
properties of, 147 
structure of, 145-147 
Amoeba, 79, 81 
gas exchange in, 338 
nutrition in, 290, 291 
Amphibia, 122-123 
gas exchange in, 343-344 
amylase, 182, 310, 312, 313 
anabolic reaction, 169, 321 
anaerobic respiration, 324, 328-329 
Angiospermae, 69, 76, 226 
life cycle of, 72, 73 
animal cell, structure of, 186-195 
anion, 129 
anisogamy, 42 
Annelida, 
characteristics of, 102-104 
classification of, 103 
digestion in, 104, 105 
gas exchange in, 340 
reproduction in, 106-107 
vascular system in, 105 
annulus, 59 
anoxia, 353 
antennae, 111 
anther, 74 
antheridium, 44 
in ferns, 60, 61 
in liverworts, 52, 55, 56 
in mosses, 57 
Anthozoa, 91 
antibiotics, 15, 23, 40, 179 
apocrine gland, 234 
Arachnida, 111 
archegonium, 44, 52, 60 
archenteron, 99 
areolar tissue, 236 
Arthropoda, 
characteristics of, 108-111 
classification of, 111 
exoskeleton of, 109 
gas exchange in, 340-341 
feeding in, 294 
Ascaris lumbricoides, 100 
alimentary canal in, 296-297 
life cycle of, 102 
Ascomycota, 31, 36, 37 
asexual reproduction, 2 
in algae, 42, 47 
in bacteria, 8-10 
in ferns, 59 
in fungi, 34-36 
in liverworts, 55 
assimilation, 2, 287 
astaxanthin, 50 
ATP, see adenosine triphosphate 


Auerbach's plexus, 307 
autecology, 355, 421-422 
autocatalysis, 311 
autogamy, 86 
autolysis, 208 
autoradiography, 264, 265 
autotrophic, 1, 13, 321, 366 
eukaryote, 29, 42 
nutrition, 249-286 
Aves, 122-123 
gas exchange in, 344—345 
axon, 244 
Azotobacter, cell wall of, 6 


D-configuration, 152 
[-oxidation, of fatty acids, 336 
bacilli, 8 
Bacteria, 4-17 
asexual reproduction in, 8-10 
autotrophic, 13 
characteristics of, 2-8 
chemosynthetic, 13, 280 
classification of, 4, 5 
disease causing, in Man, 23 
heterotrophic, 13 
in nitrogen cycle, 280-282 
nitrogen fixing, 3, 280-281 
nutrition in, 13-15 
parasitic, 13 
saprophytic, 13-14 
sexual reproduction, 10-13 
structure of, 5-6 
symbiotic, 13, 14 
bacteriochlorophyll, 256, 280, 287 
bacteriophage, 12, 18-30 
basal bodies, 209 
basal metabolic rate (BMR), 351 
basement membrane, 231 
basidia, 38 
Basidiomycota, 31, 37-38 
Benedict's test, 138, 164 
beta-configuration, 152 
-oxidation, 336 
-pleated sheet, 152-153 
biennial, 73 
bilateral symmetry, 88, 94 
bile, 312, 313 
biogeochemical cycles, 358, 380-382 
biological control, 16 
biomass, 361, 420 
and productivity, 386 
pyramid of, 364, 420 
biosphere, 355 
major cycles in, 381 
biotic analysis. 406-414 
biotin, 172 
birds, see Aves 
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birth rate, 388 

biuret test, 166 

blastostyle, 88 

blood, 88, 102, 105, 106, 112, 339, 

340-344, 346-347, 349 

blue-green algae, 32 
photosynthesis in, 280 

BMR, see basal metabolic rate 

body cavity, 100, 101 

bolus, 310 

bone, 239-242 

bordeaux mixture, 34 

botulism, 24 

branchial arch, 341 

bronchi, 346 

brown earth soils, 375 

Bryophyta, 52, 68 
alternation of generations, 53, 54 
characteristics of, 53 
classification of, 53, 77 

buccal cavity, 296, 305, 310, 313 


C3 and C4 plants, 42, 275-280, 368 
cabbage white butterfly, life cycle of, 
118 
caecum, 305, 315 
callose, 139 
Calvin cycle, 264-266 
calyptra, 55, 57 
cambium, 73, 253 
canaliculi, 240 
canals of Volkman, 240, 241 
canine teeth, 307 
capsid, 17 
capsomere, 17 
capsule, 4, 5 
carapace, 292 
carbohydrates, 132-140, 323 
in cell membrane, 194 
synthesis of, 266 
carbon cycle, 249-251 
carbon dioxide, 250, 265, 269, 274, 
277-279, 349 
carboxylase, 265 
carboxylation, 265 
cardiac muscle, see muscle, cardiac 
carnivore, 287, 366 
dentition in, 318 
carnivorous plants, 286 
carotenoids, 256-257 
carpels, 69, 72 
carrion feeders, 360 
cartilage, 238-239 
Casparian strip, 219 
catabolic reaction, 169, 321 
catalase, 182 
catalyst, 169 
cation, 129 
cell, 185-213 
membrane, 192-195 
structure, 186-187 
theory, 185 
wall, 3-6, 191, 211-213 
cellulose, 139 
digestion of, in ruminants, 319 
central nervous system, 88, 244-247 
central vacuole, 191 
centriole, 186 
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centromere, 186 

centrosome, 209 

cephalisation, 104, 109 

Cephalopoda, 108 

cerebral ganglia, 104 

Cestoda, 94 

chaetae, 104 

chemical bonding, 127-129 

chemiosmotic theory, 334-335 

chemoautotroph, 13 

chemoheterotroph, 13, 250 

chemoreceptor, 349 

chemosynthesis, 280 

chitin, 3, 109 
structure of, 140 

Chlamydomonas, 42-47 

chlorenchyma, 219 

chlorophyll, 43, 255 
concentration of, and 
photosynthesis, 270 
structure of, 256 

Chlorophyta, 44, 46-47 

chloroplast, 3, 29, 214, 262 
photosynthesis in, 253-253, 279 
structure of, 191 

cholesterol, 143, 144 

Chordata, 120-125 
characteristics of, 119 
classification of, 120 

chromatin, 200 

chromosome, 3, 200 

chyme, 312 

cilia, 82 

ciliary feeding, 291-292 

Ciliata, 82 

ciliated epithelium, 231, 345 

Ciliophora, 80 

citric acid cycle, see Krebs cycle 

clay soils, 370 

climax community, 357, 382 
man made, 383 
woodland, 384—385 

clitellum, 106 

Clostridium botulinum, 328 

clubmosses, 63-66 

cnidocils, 91 

cocci, 8 

cockroach, life cycle of, 114-115 

cocoon, 107 

Coelenterata, 87-93 
Classification of, 91 
feeding in, 292-293 
gas exchange in, 338 
polymorphism in, 93 

coelom, 93, 99, 100 

coenosarc, 88 

coenzyme, 172-174 

co-evolution, 400 

colchicine, 209 

collagen fibres, 100, 237 

collenchyma, 216 
function of, 216 
structure of, 220-223 

colon, 305, 315 

columella, 36 

columnar epithelium, 231 

commensalism, 289 

community, 358, 382 


companion cell, 222, 230 

compensation point, 274 

competitive exclusion, 398 
inhibition, 178-180, 275 

condensation reaction, 131, 147 

cones, 63, 71 

conidia, 36 

conifers, 69 

conjugation, in eukaryotes. 10, 12 
in Paramecium, 85 

connective tissue, 234-247 
types of, 236 

conservation of energy. law of, 240 

358 

contractile vacuole, 79, 81 

corolla, 75 

counterflow system, in gills, 342-3 

cristae, 189, 332 

Crustacea, 111 

crypts of Lieberkuhn, 313 

cubical epithelium, 231 

cutaneous respiration, 343 

cuticle, 32 

cycad, 68 

cytochrome, 326-328 

cytoplasm, 3, 5, 200 

cytoplasmic bridge, 85 

cytoproct, 83 

cytosine, 157, 161 

cytoskeleton, 209 

cytostome, 83 


Daphnia, feeding method of, 292 
dark reactions, in photosynthesis, 
260, 264-267 
DDT, in the ecosystem, 368-369 
death rate, 388 
decarboxylation, 326 
deciduous, 73 
decomposers, 32, 39 
in food chain, 361 
dehydrogenation, 325 
denaturation, of enzymes, 175 
of protein, 156 
dendrites, 245 
dendron, 244 
denitrification, 282 
dental caries, 309 
dental formula, 
feline, 318 
human, 307 
ungulate, 319 
dentine, 242, 308 
dentition in Man, 306-310 
deoxyribonucleic acid (DNA ), 2, 5. 
156-159, 185, 189, 191-192, 198-200 
bacterial, 7 
structure of, 159-163 
detritivores, in food chain, 361 
dextro-rotatory, 135 
diabetes mellitus, 15 
diaphragm, 345 
diatoms, 51 
dicarboxylic acids, 277 
dicotyledon, 73, 217, 252 
leaf structure, 252 
dietary fibre, in human diet, 302 
dietary requirements, of Man, 297-304 


diffusion, through cell membrane, 
195 
digestion, 32 
extra-cellular, 287-288 
in Man, 304-318 
dinucleotide, 158-159 
dipeptide, 147 
diploid zygote, 54 
dipole, 129, 147, 148 
disaccharides, 132, 138 
disease, 
bacterial, in Man, 23 
deficiency, 283, 303 
fungal, 40-41 
transmission of, 19-24 
disulphide bond, 148 
diversity of species, 407 
division of labour, 87, 93 
DNA, see deoxyribonucleic acid 
dogfish, 
digestive system in, 294-296 
gas exchange in, 341-342 
dominant species, 382 
dragonfly, life cycle of, 116 
Dryopteris, life cycle of, 60-63 
duodenum, 312 
dwarf shoots, 70 


earthworm, 106-107 
ecdysis, 109 
Echinodermata, 119 
classification of, 120 
ecological dominance, 384-386 
ecological niche, 357 
ecology, 355-358 
of population, 388-400 
quantitative, 401—422 
ecosphere, 355 
ecosystem, 355 
abiotic components of, 369-372 
climatic factors in, 377-380 
rational cropping of, 368 
structure of, 358 
ectodermis, 88 
ectoplasm, 81 
edaphic factors, 369-372, 401, 421 
egesta, 366 
elastic fibres, 237 
electrochemical gradient, 196 
electron carrier, 172, 261, 327-328 
electron flow, in photosynthesis, 266 
Embden-Meyerhoff pathway, 323 
embryo sac, 67, 72 
enamel, 308 
endergonic reaction, 321 
endocrine glands, 234 
system, 88 
endocytosis, 195, 198, 208 
endoderm, 88 
endodermis, 88, 219 
endoplasm, 81 
endoplasmic reticulum (ER), 3, 189, 
200-202 
endosymbiont theory, 29, 254-255 
energy, 259 
flow, in the ecosystem, 358, 
366-367 
pyramid of, 365 


solar, 359 
units of, 359 
enterokinase, 312-313 
enteron, 88 
environmental factors, measurement 
of, 401-406 
enzyme, 
action of, 169-171 
activators, 172 
classification of, 182, 183 
cofactors, 171 
in human digestion, 312-313 
inhibition of, 178-181 
rate of reaction of, 174-177 
epidermis, 32 
in plants, 217-219 
epiglottis, 346 
episome, 12-13 
epithelim, 230-234 
ER, see endoplasmic reticulum 
erepsin, 312-313 
Escherichia coli, 
cell wall of, 6 
conjugation in, 10 
T-phage in, 18 
essential elements, in diet, 283 
ester, 140 
ethanoic acid, 128, 140 
euchromatin, 200 
Euglena, 49-50 
Euglenophyta, 44, 49-51 
eukaryotes, 3-27, 43 
nucleus in, 198 
photosynthetic, 29 
eutrophication, 52 
evergreen, 73 
evolutionary ecology, 357 
excreta, 366 
excretion, 2, 95 
exergonic reaction, 321 
exocrine glands, 234 
exocytosis, 195, 198, 208, 291 
exoskeleton, 49, 109 
expiration, 348 
expiratory centre, 349 
exponential growth, 9 
eye, in insects, 111 


F-factor, and conjugation, 12 
facultative aerobe, 282 
anaerobe, 328 
parasite, 13, 289 
FAD, see flavine adenine dinucleotide 
faeces, 21 
Fasciola hepatica, 96-99 
life cycle of, 98-99 
fat, as respiratory substrate, 336-338 
fatty acids, 140-142 
and lipid formation, 143 
oxidation of, 336 
fecundity, 388 
Fehling's test, 138, 164 
fermentation, 14, 40 
chemistry of, 328-329 
ferns, 57-61 
fibroblast, 237 
field study, 357 
filament, 74 


filter feeder, 288 
fimbriae, 5, 6 
fish, see Pisces 
fission, 86 
flagella, 3-6, 29 
Flagellata, 80 
flagellin, 6 
flame cells, 94 
flavine adenine dinucleotide (FAD), 
172-173 
in respiratory chain, 328 
flavoproteins, 328 
flower, morphology of, 73-76 
fluid mosaic model, of cell membrane, 
194-195 
flukes, 96-99 
food chain, 359-360 
concentration, effects in, 368-369 
food vacuole, 80, 82, 208 
food web, 362-363 
fossil, 57 
free energy, 322 
frequency distribution, 413, 418 
frond, 48, 59, 60 
fructose, 133, 138 
fruit, 69 
fucoxanthin, 49 
fumagillin, 40 
fungi, 29-32 
asexual reproduction in, 34-36 
economic importance of, 39-40 
nutrition in, 32 
sexual reproduction in, 36 
furanose ring, 136 


galactose, 138 
gall bladder, 312 
gametangia, 44 
gametes, 10 
gametophyte, 
in Angiospermae, 72 
in clubmoss, 64 
in ferns, 57, 58 
in liverwort, 53-56 
gas exchange, 322 
in Amphibia, 343-344 
in Annelida, 340 
in Arthropoda, 340-341 
in Aves, 344—345 
in Coelenterata, 338 
in Mammalia, 345-354 
in Man, 346-353 
in Pisces, 341—343 
in Protozoa, 338 
in Reptilia, 344 
gas gangrene, 24 
gastric juice, 311 
Gastropoda, 108 
Gaussian distribution, 398 
generation time, 8 
genetic engineering, 15-16 
genetic recombination, 10-13 
genital atrium, 96 
genome, 7, 13 
gill, 341 
glandular cells, 91 
glandular epithelium, 234 
glottis, 345 
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glucosans, 139 
glucose, 137, 288, 325 
glyceraldehyde, 132, 134, 136 


glyceraldehyde-3-phosphate, 325, 336 


glycerol, metabolism of, 336 

glycogen, 139 

glycolipids, 140-144, 193 

glycolysis, 323-325 

glycophorin, 194 

glycoprotein, 140 

glycosidic bond, 138 

glycosylation, 206 

glyoxylate cycle, 335 

Golgi apparatus, 3, 189 
structure of, 203-207 

gonotheca, 92 

Grams stain, 6, 26 

grana, 3, 191, 253 

griseofulvin, 40 

growth factor, 2, 32 

guanine, 157, 161 

guard cells, 217, 218 

gum, 308 

Gymnospermae, 58, 69-72, 76, 226 


habitat, 357 
haem, 172, 326 
haemocoel, 100-101, 109 
haemoglobin, 156, 340 
haemopoietic tissue, 242-243 
haploid spores, 54 
Hatch-Slack pathway, 277 
haustoria, 32-33, 289 
Haversian canal, 240, 241 
height profile, 416-417 
hemicellulose, 211 
heparin, 237 
Hepaticae, 54-57 
herbaceous plants, 73 
herbivore, 287, 289 
dentition in, 319 
in food chain, 360, 366 
heterochromatin, 200 
heterospory, 67-68 
heterothallic, 36 
heterotroph, 1, 13, 249 
energy transfer in, 321 
nutrition, modes of, 287-319 
secondary production in, 366 
hexosans, 139 
hibernation, 142 
Hill reaction, 262-263 
Hirudinea, 103 
histamine, 237 
historical ecology, 357 
holdfast, 48, 49 
holocrine gland, 234 
holoenzyme, 171 
holophytic, 249 
holozoic nutrition, 287-288 
homeostasis, 2 
homospory, 67, 68 
homothallic, 36 
horsetails, 64-65 
host, 13, 398 
housefly, 
life cycle of, 117 
"feeding method of, 296-298 
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humidity, measurement of, 404 
humus, 371 
Hydra, 88, 292 
feeding method of, 292-293 
hydranth, 91 
hydrogen bond, 129-130, 139 
and base pairing, 159 
formation of, 148 
hydrogen carrier, 327-328 
hydroid polyps, 88 
hydrological cycle, 378 
hydrolysis, 131 
hydrotheca, 91 
Hydrozoa, 88-93 


hyphae, 30 
coenocytic, 32 
septate, 32 


hypothalamus, role in human food 
intake, 317 
hypotonic medium, 6 


ileum, 305, 312 
imago, 116 
imino acid, 146 
incisor teeth, 307 
inflorescence scar, 76 
ingestion, 287 
Insecta, 111 
anatomy of, 111-114 
classification of, 114 
life histories of, 114-119 
mouthparts of, 294, 298 
tracheal system in, 340-341 
insectivorous plants, 286 
inspiration, 348-349 
inspiratory centre, 349 
intercostal muscles, 345, 348 
interferon, 15 
internode, 74 
internuncial neurone, 244 
interstitial cells, 92 
intestine, in Man, 312-315 
inulin, 139 
invertebrate, 120-123 
classification of, 124-125 
involucre, 55 
involuntary muscle, 243-244 
ionic bond, 148 
ions, 127 
iron bacteria, 280 
irreversible inhibition, of enzymes, 
179-180 
irritability, 1 
islets of Langerhans, 204 
isogamy, 36, 42 
isomerism, 
geometric, 134 
optical, 134-138 
Structural, 134 


keratin, 233 

ketone, 131, 132 
ketosugar, 132-134 
kinetodesma, 83 
kinetosome, 82, 209 
Krantz anatomy, 277 
Krebs cycle, 323, 326 


labium, 112, 294, 298 
lactase, 312, 313 
lactic acid fermentation, 328, 329 
Lactobacillus, 6, 24, 25 
lactose, 15, 312 
lacunae, 239, 240 
laevo-rotatory, 135 
lag phase, 9 
lamellae, 3 
Lamellibranchiata, 108 
large intestine, in Man, 315 
larva, 88, 105, 114 
larynx, 346 
lateral bud, 76 
leaf, 73-76 
structure of, 251-252 
test for starch in, 271 
leaf scar, 76 
legumes, 281-282 
lenticel, 354 
lichen, 32 
light reaction, in photosynthesis, 2 
259-261, 267 
lignification, in plant cells, 212 
ligule, 63 
limiting factors, principles of, 268-2 
Lincoln index, 414 
lipid, 
bilayer, 193-195 
formation of, 142, 144 
functions of, 143, 266 
test for, 165 
litter, in soil, 371 
liverworts, 53-57 
loams, 371 
locomotion, 1 
log phase, 9 
Lumbricus terrestris, 
alimentary canal, 296-297 
reproduction, 106-107 
lung, 
in Aves, 345 
capacity, in Man, 349 
Structure, in Man, 346-347 
Lycopsida, 63-64 
lymphoid tissue, 243 
lysosomes, 3, 189, 207-208 
lysozyme, 6, 310 


M-fibres, 83 
macroglia, 247 
macromolecules, 131 
macronucleus, 83 
macronutrient, 283-284 
macrophagous feeders, 288-289, 
292-296 
malaria, control of, 368-369 
malate shunt, 277 
malic acid, 326 
Malpighian tubules, 114 
maltase, 312-313 
maltose, 138, 312 
Mammalia, 122, 123 
gas exchange in, 345-354 
nutrition in, 297-319 
Man, 
alimentary canal of, 304-307, 
310-319 


dentition in, 307 
dietary requirements of, 297-304 
mandible, 112, 294, 298 
manubrium, 92 
mapping, 415-416 
mass action, law of, 335 
mast cells, 237 
mastication, 307 
Mastigophora, 80 
maxilla, 112, 294, 298 
medusa, 88, 92-93 
megasporangium, 66 
megaspore, 64-65 
meiosis, 36, 54, 68, 72 
Meissner's plexus, 307 
meristem, 228 
merocrine gland, 234 
mesenchyme, 93, 237 
mesentery, 100 
mesoderm, 88 
mesogloea, 88 
mesophyll, 190, 216, 219, 279 
mesosome, 3, 5, 7 
messenger RNA (mRNA), 162, 202 
metabolic pathways, 169, 181 
summary of, 337 
metameric segmentation, 102, 104 
metamorphosis, 114-119 
metaxylem, 224 
structure of, 227-228 
Metazoa, 87-88 
microbiology, 4 
microclimate, 374, 380 
microfilaments, 210 
microglia, 247 
microhabitat, 357 
micronucleus, 83 
microphagous feeders, 287-292 
micropinocytosis, 198 
microsome, 201 
microsporangium, 66 
microtubules, 209 
microvilli, 210, 231 
middle lamella, 191 
milk, 24, 302 
mineral elements, required by 
organisms, 284-285 
mineralisation, in soil, 372 
mitochondrion, 3, 189, 211 
ATP production in, 333-335 
evolution of, 333 
structure of, 331-332 
mitosis, 36, 54, 205 
mixed gland, 234 
molar teeth, 307 
molecular formula, 127 
Mollusca, 107-108 
Monera, 4 
monocotyledon, 73, 217 
leaf structure of, 252 
monomer, 131 
monosaccharides, 131-138 
functions of, 133 
mor, 357 
mortality, 388, 396 
mosses, 53, 57 
motor neurone, 244 
mouthparts, of insect, 294, 298 


mucin, 310 
Mucor hiemalis, 31, 32, 34-36 
mucus sheath, 107 
mull, 375 
murein, 3, 6 
Musci, 57 
muscle, 88 
cardiac, 243, 244 
in platyhelminthes, 94-95 
striated, 109, 243 
unstriated, 243-244 
musculo-epithelial cells, 92 
mutualism, 289 
mycelium, 30, 34, 288 
mycology, 4 
mycorrhizae, 33, 286 
myelin sheath, 245-246 
myoglobin, structure of, 154-155 
myonemes, 49 
Myriapodia, 111 


NAD, see nicotinamide adenine 
dinucleotide 
NADP, 173, 260, 261, 267, 278, 324 
natality, 388 
nematoblast, 91 
nematocyst, 91 
Nematoda, 100-102 
neoteny, 120 
nephridia, 105 
nephridiophore, 104 
Nereis, 104-105 
nerve fibre, 244-247 
nerve net, 92 
neuroglia, 247 
neurone, 244—247 
nicotinamide adenine dinucleotide 
(NAD), 172-173 
in respiratory chain, 324-329 
nicotinic acid, 172, 299 
nitrifying bacteria, 280-282 
nitrogen cycle, 281-282 
nitrogen fixation, 3, 281 
nor-adrenaline, 244 
notochord, 120 
nuclear envelope, 3, 200 
nuclear membrane, 199 
nucleic acid, 156-162 
nucleocapsid, 18 
nucleolus, 3, 186, 200 
nucleoplasm, 200 
nucleotide, 131, 156-158 
nucleus, 189, 198-200, 204 
nutrient cycles, in the ecosystem, 358 
nutrition, 
autotrophic, 1, 79, 249-286 
bacterial, 13-15 
fungal, 32, 289 
heterotrophic, 1, 287-319 
holozoic, 287 
mammalian, 297-319 
parasitic, 13, 289 
saprophytic, 13, 289 
nymph, 116 


Obelia, 88, 90-93 
obligate anerobe, 328 
obligate parasite, 13, 40, 289 


oesophagous, in Man, 310-311 
oils, see lipids 
Oligochaeta, 106-107 
omnivore, 81 
in food web, 361 

oogamy, 42 
oogonium, 44 
Oomycota, 31-34 
optical isomerism, 134-138 
oral groove, 83 
organ, 87, 215 
organelles, 3, 189 
organic chemistry, 127 
osmoregulation, 130, 197 
osmosis, and cell membrane, 195 
osteoblast, 240 
ostia, 113 
ostiole, 48 
ovary, 69, 74 
oviduct, 96 
ovule, 67, 72 
ovuliferous scales, 69 
ovum, 44 
oxidative deamination, 338 
oxidative decarboxylation, 326 
oxidative phosphorylation, 260, 

323-327 
oxygen, in photosynthesis, 260 
oxyntic cells, 311 


palisade cells, 219, 252-253 
pancreas, 204, 305 
in human digestion, 312, 313 
parallel flow system, in gills, 341-343 
Paramecium, 82-85 
nutrition in, 291 
reproduction in, 85-87 
parasitism, 13, 289-290 
in food chain, 360 
fungal, 32 
Parazoa, 87 
parenchyma, 93, 215-219 
pathogens, 13 
pectins, 211 
pellagra, 303 
Pellia, 55-56 
pellicle, 49, 82-83 
penicillin, 40 
Penicillium, 31, 36, 40 
penis, 96 
pentamerous symmetry, 119 
pentosans, 139 
pentose phosphate shunt, 335 
pepsin, 182, 311, 313 
peptidases, 313-314 
peptide bond, 147 
Peranema, 80-81 
perennial, 73 
pericycle, 222 
periosteum, 240 
perisarc, 91 
peristalsis, 102 
in human digestive system, 
314-315 
peristome, 57 
peritoneum, 100 
peroxisome, 208 
petiole, 75 
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pH, 291 
and amino acids, 147, 156 
in enzyme reactions, 176-177 
of soil, 375, 403 
Phaeophyta, 44, 47-49 
phage, see bacteriophage 
phagocyte, 4 
pharynx, 95, 345 
phase of decline, 9 
phloem, 57, 215 
functions of, 228-230 
structure of, 217, 228-230 
phosphoneolpyruvic acid, 277 
phosphoglyceric acid (PGA), 264, 
266-268 
phospholipids, 143, 144, 193 
phosphoric acid, 157 
phosphorus cycle, 282-283 
phosphorylation, 260-262, 322 
photoautotroph, 13, 249-250 
photoheterotroph, 13, 287 
photophosphorylation, 260-264 
photorespiration, 275-276, 279 
photosynthesis, 3, 249 
biochemistry of, 259-268 
C4, 275-280 
factors affecting, 268-273 
importance of, 250 
pigments active in, 49, 255-259 
photosynthetic membrane, 7 
photosystems I and II, 42, 259, 280 
phototaxis, 6, 47 
phycobilins, 43 
Phytophthora infestans, 31—34 
pigment, photosynthetic, 49, 255-259 
pili, 5, 6 
pin mould, 36 
pinnae, 59-60 
pinnule, 59-60 
pinocytosis, 186, 198 
Pisces, 122, 123 
alimentary canal in, 294-296 
gas exchange in, 341-343 
Planaria, 94-96 
plants, 29, 30 
cell structure of, 186-187, 211-214 
flowering, 73-76 
gas exchange in, 354 
nutrition in, 249-286 
tissue, 215-230 
plaque, 308-309 
plasmagel, 81 
plasmalemma, -81 
plasma membrane, 71, 189 
plasmasol, 81 
plasmid, 12, 13, 16 
plasmodesmata, 213, 223 
plastids, 213, 214 
Platyhelminthia, 87 
classfication of, 94 
gas exchange in, 338 
triploblastic condition in, 93 
pleural cavity, 347 
Pneumococci, 4 
podzols, 375 
pollen sac, 67, 72 
pollination, 68 
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pollution, 356 
by DDT, 368-369 
Polychaeta, 104-105 
polymer, 131 
polymorphism, 93 
polynucleotide, 159 
polpeptide, 147 
polyribosomes, 189, 203 
polysaccharides, 3, 6, 138-140 
functions of, 141 
polysomes, 189 
population, 
dynamics, 368, 388, 394 
growth, 9, 10, 391—397 
strategies, 392-393 
porphyrin ring, 172, 255 
potato blight, 31-34 
predators, 360 
population variations in, 397 
premolar teeth, 307 
primary consumer, 360 
primary host, 96 
primary producer, 360, 365 
primary structure, of protein, 149-152 
procuticle, 109 
production ecology, 365 
profile transect, 412 
prokaryotes, 3-27 
prophage, 18 
prosthetic groups, 172, 173 
protein, 149-157 
in cell membrane, 194-195 
dietary requirement in Man, 
299-302 
mammalian metabolism of, 157 
as respiratory substrate, 338 
structure of, 146, 149-157 
synthesis of, 201, 266-268 
test for, 166 
prothallus, 58, 64, 66 
Protista, 4 
Protochordata, 120 
classification of, 122 
protoxylem, 224, 227-228 
Protozoa, 79-80 
classification of, 80 
pseudocoelom, 100 
pseudopodia, 81 
Pteridophyta, 57-64 
Pteropsida, 58-63 
pulmonary respiration, 
in frog, 343-344 
in Man, 350-351 
pupa, 114 
purine, 157 
pyramid, 
of biomass, 364, 420 
of energy, 365 
of numbers, 363 
pyranose ring, 136 
pyrenoid, 45, 46, 50 
pyrimidine, 157 
pyruvic acid, 267, 278, 324-329, 337 


quadrat, 412, 413 
quantasome, 259 
quaternary structure, of protein, 154 


rachis, 59 
radial cleavage, 120 
radula, 294 
reaction centre, 259 
recombinant DNA, 10, 16 
red eye spot, 47 
redox reaction, 326 
reductionism, 1 
rendzinas, 376 
rennin, 182, 312 
reproduction, 
in algae, 42-46 
asexual, 2 
in bacteria, 7-13 
in ferns, 59-63 
in fungi, 34-36 
in liverworts, 54-56 
sexual, 2 
in Spermatophyta, 65-77 
in viruses, 17-21 
Reptilia, 122, 123 
gas exchange in, 344 
resilin, 109 
respiration, 1, 249, 250 
aerobic, 323-328 
anaerobic, 324, 328-329 
in diving mammals, 353-354 
in Man, 346-353 
rate of, 350 
role of, 322 
respiratory, 
centre, 349 
chain, 324, 327 
pigments, 338-340 
quotient (RQ), 351 
surfaces, types of, 339 
reversible inhibition, of enzymes, 
178-180 
rhabdites, 94 
rhizoids, 34-35 
rhizome, 59-60, 67 
rhizomorphs, 38 
Rhizopoda, 81 
Rhizopus stolonifer, 31, 34-37 
riboflavine (vitamin B2), 172, 299, 303 
ribonucleic acid (RNA), 2, 3, 201 
Structure of, 162 
types of, 202 
viral, 19 
ribose, 137, 157, 158 
ribosomal RNA (rRNA), 162, 201, 
202 


ribosome, 3, 5, 189, 202 

ribulose bisphosphate (RuBP), 265, 
266, 276, 278 

ribulose diphosphate (RuDP), 265 

ring structures, 136 

RNA, see ribonucleic acid 

rod organelle, 81 

root nodules, 282, 286 

roughage, in human diet, 302 

rough endoplasmic reticulum (RER), 
201, 204 

rumen, 319 

ruminants, 289, 319 


Saccharomyces, 31, 40 


salinity, measurement of, 403 
salivary glands, 310 
sampling, methods of, 409-420 
saprophyte, 13, 32, 289 
Sarcodina, 80 
Schwann cells, 247 
sclereids, 222-224, 230 
scurvy, 303 
Scyphozoa, 91 
secondary host, 96 
secondary structure, of protein, 
152-153 
seeds, 65, 68-69 
segmentation, in Annelida, 102, 105 
Selaginella, 63-66 
seminal vesicles, 96, 107 
sensory cells, 92 
sensory neurones, 224 
sepal, 75 
septum, 30 
SER, see smooth endoplasmic 
reticulum 
setae, 292 
sewage disposal, 
and algae, 52 
and bacteria, 14 
and fungi, 39 
sexual reproduction, 
in Algae, 42-47 
in Annelida, 106-107 
in Arthropoda, 114, 116-119 
in Bacteria, 10-13 
in Bryophyta, 54-55 
in Coelenterata, 90-92 
in ferns, 60-63 
in Fungi, 36-37 
in Nematoda, 100-102 
in Platyhelminthia, 96-98 
in Protozoa, 85-86 
in Spermatophyta, 65-77 
Sharpey-Schafer fibres, 240 
shuttle systems, and ATP production, 
329 
sieve cells, 58 
sieve tubes, 228-230 
silt, in soil, 370 
simple pits, 223 
single cell protein (SCP), 15 
skeleton, 88, 238-242 
slime layer, 4-5 
slime mould, 29 
small intestine, in Man, 313, 314 
smooth endoplasmic reticulum (SER), 
187, 201 
snail, feeding method of, 294 
sodium pump, 196 
soil, 369-377 
bacteria in, 14 
composition of, 371-372, 401-404 
experiments on. 401-404 
formation of, 372-374 
textural classes of, 370 
types of, 374-377 
solifluction, 373 
sori, 59 
spermatheca, 96, 107 
Spermatophyta, 65-72 
classification of, 69, 77 


spermatozoa, 44 
Sphenopsida, 64-65 
sphincter, 305 
spiracles, 113, 341 
Spirilla, 47 
Spirogyra, 47 
spirometer, 350 
sponges, 87 
sporangia, 33 
sporangiophore, 33, 35 
sporangium, 34-35 
spores, 8 
sporophyte, 
in Angiospermae, 72 
in ferns, 60-61 
in liverworts, 53-57 
Sporozoa, 80 
squamous epithelium, 231 
stamen, 74 
standing biomass, 364 
starch, 139 
test for, 165 
stationary phase, 9 
statolith, 92-93 
stereoisomerism, 134 
sternum, 345 
steroid, 143-145 
stipe, 48 
stolon, 35 
stoma, 217, 218 
stomach, 
in dogfish, 295-296 
in Man, 305, 307, 310-131 
in ruminant, 319 
stomata, 32 
stomium, 59 
stratification, in woodland ecology, 
385 
stratified epithelium, 232 
strobili, 63, 64 
stroma, 3, 191, 267 
structural formula, 127 
structural isomerism, 134 
substrate, 170, 175 
succession community, 357, 382 
sucrase, 131 
sucrose, 312, 313 
sulphonamide, 179 
sulphur bacteria, 280 
sulphur cycle, 282-283 
survivorship curve, 389-390 
suspensor, 64 
swallowing, 294-296, 310 
symbiosis, 13, 32, 289 
symmetry, 
bilateral, 88, 94 
pentamerous, 119 
radial, 119 
synapse, 244, 246 
syncitial, 87 
synecology, 355, 414-415 


tapeworm, 100-102 
teeth, 
developments of in Man, 306-308 
in ruminants, 319 
structure of, in Man, 306-308 
temperate phage, 18 


tendons, 238 
tentacles, 91 
terminal bud, 76 
terpenes, 143, 144 
territoriality, 394 
tertiary structure, of protein, 154 
Thallophyta, 30 
thallus, 30 
thorax, 109, 347-348 
thylakoid, 253, 267 
thymine, 157, 161 
tidal volume, 349 
tissue, 87, 215 
connective, 234-247 
epithelial, 230-234 
in plants, 216 
tobacco mosiac virus (TMV), 18-19 
top carnivores, 363 
and pesticide poisoning, 369 
trace element, 32, 127, 283-285 
tracheal system, 340-341, 346 
tracheids, 58, 225 
transamination, 268, 337-338 
transduction, mechanism of, 12 
transect, 412 
transfer RNA (tRNA), 162, 202 
transpiration, 217 
transport system, 58, 88 
Trematoda, 96 
tricarboxylic acid cycle, see Kreb's 
cycle 
trichocyst, 82, 84 
triglyceride, 142-143 
trophic level, 359-360 
trypsin, 182 
trypsinogen, 313-314 
tuber, 67 
tubulin, 207, 209 
Turbellaria, 94-96 
feeding in, 95 
twig, 76 


unit membrane, 193 
units of measurement, 359 
uracil, 157 


vaccination, 23, 24 
vacuoles, 3, 35, 50, 191, 213 
vascular plants, 57 
vas deferens, 96, 107 
vector, of disease, 21 
venereal disease, 21 
ventilation, 
alveolar, 350 
control of, 349 
effect of altitude on, 353 
Vertebrata, 120-123 
vessels, in plant vascular system, 
226-228 
vibrios, 8 
villi, 312 
virion, 17 
virus, 3, 17-21 
vital capacity, of human lung, 350 
vitalism, 1 
vitamins, 32, 133, 162 
and coenzymes, 172-174 
and human diet, 299, 303-304 
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voluntary muscle, 243-244 


water, 
in the ecosystem, 378-380 
and photosynthesis, 260 
in the soil, 372 
table, 372 
wax, 143-144 
white fibrous tissue, 237, 239 
winter moth, life cycle of, 395 
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wood, 225 


X-ray diffraction, 160 

xanthophylls, 256-257 

xylem, 57, 215, 216, 219 
functions of, 225-228 
parenchyma, 228 
structure of, 224-228 


yellow elastic tissue, 238-239 
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Z-scheme, in photosynthesis, 261 
zonation, 


in an ecosystem, 379, 383 
of rell iiere- 19 


zooplankton, 51 
zoospore, 31, 33, 47 
zwitterions, 147 
Zygomycota, 31, 34-36 
zygotic nucleus, 85 
zymogen cells, 293 


These two books provide a compr 
information required by students 
advanced level and Higher School ¢ 
sciences. In addition, all the topic area 
Working Party on the advanced level 
incorporated. First year students in higher e 
useful. fos 


eral Certificate of Education 
'ourses in the biological 
mended by the Interboard 
Core in Biology are 

ucation will also find the books 


Biological Science 1: Organisms, Energy and Environment considers 
examples of biological organisation at al from viruses and 
prokaryotes to fungi, plants and animals. Detailed information on 
biochenjistry, cell structure, histology, n ion and mechanisms of energy 
utilisation in plants and animals is presented, In addition, a 

thorough account of qualitative and quantitative aspects of ecology is 
provided and guidance is given in the tech 
synecological and autecological investiga 


Biological Science 2: Systems, Maintenance and Change contains 
information on transport, co-ordination, movement, homeostasis, excretion, 
reproduction and development, genetics, evolution and speciation. 
Accounts and theories on the origin of life, evolution and mechanisms of 
speciation have been prepared in the light of recent developments and an 
objective approach to these topics has been adopted throughout. 


Comprehensive appendices in Book | give information on fundamental 
physical and chemical concepts, scientific method, biological techniques, 
biomathematics and classification. 


Numerous experiments and investigations representing essential practical 
work at advanced level are included. These have all been fully tested. 


Questions are interspersed throughout both books. These are designed to 
test comprehension and application of knowledge. Answers to these 
questions are provided in a special chapter at the end of each book. 


The two books are fully illustrated with more than 700 line drawings and 250 
black and white photographs. 


